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1.  Introduction 

Aqueous  metallic  corrosion  is  a  complex  process  involving  a  variety  of 
individual  steps  in  the  overall  mechanism  for  a  given  alloy.  The  problons 
of  pitting  corrosion,  crevice  corrosion,  stress  corrosion  cracking  (SCC), 
and  corrosion  fatigue  (CF)  are,  to  say  the  least,  significantly  more 
complex.  If  the  discussion  is  extended  further  to  include  the  action  of 
substances  vAiich  either  accelerate  or  iriiibit  these  processes,  the 
complexity  of  the  problems  is  increased  further  by  orders  of  magnitude.  The 
subject  of  the  research  program  discussed  in  this  Report  is  an  experimental 
eroloration  of  the  relations  between  accelerant/ inhibitor  properties  and  the 
electrochemistry  and  electrokinetics  of  corrosion,  SCC,  and  CF  in  aliminum 
alloys. 

The  Report  is  divided  Into  the  following  sections: 

(1)  Background,  a  review  of  relevant  theoretical  and  ejroerimental 
research  v«*iich  sets  the  stage  for  the  approach  of  this  program.  This 
background  is  concerned  especially  with  the  nature  of  environmental 
chemistry  eind  mechanisms  vAiereby  the  bulk  environment  can  control  corrosion 
processes  at  an  active  surface,  particularly  within  a  pit,  crevice,  or 
crack.  Although  the  focus  of  this  program  is  on  aliuninum  alloys,  it  is 
necessary  to  include  substantial  material  related  to  ferrous  alloys  so  that 
the  questions  are  delineated  clearly. 

(2)  Experimental,  a  discussion  of  work  performed  in  the  course  of  this 
program.  Subjects  that  have  been  explored  include: 

a)  Electrokinetic  studies  of  corrosion  in  various  inhibitive  and 
accelerant  environments; 


b)  Systenatic  evaluation  of  inhibitor/accelerant  substances  and 
surfactants,  via  electroklnetlc  studies  and  alternate  innersion  screening 
tests. 

c)  Fatigue  tests  in  the  presence  of  curcelerants  and  inhibitors, 
intended  to  develop  capability  for  measuring  stress/strain  relations  in  the 
vicinity  of  a  CP/SCC  crack  tip. 

d)  Fabrication  and  tise  of  microelectrodes  for  measuring 
electrochemistiry  within  an  SCC  crack,  while  extemed  electrochesnlstry  is 
contirolled  by  a  variety  of  accelerant/inhibitor  chemistry  and 
electropotential  environments. 

e)  Systematic  e}q)loration  of  the  chemistry  of  known  inhibitive  systems, 
specificailly,  the  oxyanicns  of  nitrogen,  ani  the  resultant  effects  on 
corrosion  and  SCC/CF. 

(3)  Discussion  of  partial  results  obtained  to  date. 

2.  Background 

Stress  corrosion  cracking  and  corrosion  fatigue  have  been  the  subject 
of  numerous  theoretical  and  e:q)erimental  investigations.  (1-3)  The  various 
results  have  suggested  a  number  of  models  for  the  processes  (4)  as  well  as 
practical  methods  for  preventing  or  controlling  SCC  and  CF  damage  ( 3 ) . 

The  actual  mechanisms  of  corrosion  cracking  are  related  to  the 
chemistry  and  physics  prevailing  at  the  crack  tip,  and  it  is  well 
estedslished  that  these  conditions  eue  different  from  those  of  the  bulk 


environment.  It  also  is  well  estciblished  that  a  variety  of  chemical 
substances  (e.g. ,  chloride  ion)  accelerate  the  crack  propagation  rate, 
whereas  other  substances  (e.g.,  nitrite  and  borate  ions)  inhibit.  Thus, 


accelerants  and  Inhibitors  are  effective  via  modification  of  the  crack-tip 
<*endstry.  Electrochesnical  processes  at  the  crack  tip  will  generate  or 
consume  various  chemical  species,  thereby  establishing  concentration  and 
electrode-potential  gradients  between  the  crack  tip  and  the  external 
environment  These  gradients  in  turn  are  the  driving  for*ces  for  mass 
transport  between  the  crack  tip  and  the  bulk  environment. 

A  variety  of  theoretical,  models  have  been  proposed  vghich  relate  the  bulk- 
solution  properties  to  conditions  at  the  crack  tip  based  vipon  potential  and 
concentration  gradients,  thus  are  adaptable  to  micro-esqserimental 
measuiements.  There  remain  major  questions,  however,  concerning  the 
relations  between  the  external  envizonment  (described  by  chemistry,  applied 
load,  and  electrical  potentials  with  respect  to  other  electrodes)  and 
electrochemlcaQ  conditions  within  the  crack,  particularly  at  the  crack  tip. 
Although  a  variety  of  clever  ejqjeriments  have  been  devised  in  efforts  to 
determine  these  relations  e;q»rimentally,  few  definitive  results  have  been 
obtained.  A  significant  barrier  to  progress  has  been  the  obvious 
difficulties  of  performing  measiurements  within  the  confines  of  a  crack. 

In  this  research  program,  the  problem  is  attacked  along  two  paths  in  an 
effort  to  perform  "critical"  e:q)erlments  which  can  differentiate  between 
various  theoreticad  models  and  lead  to  more  practical  advances  in  the 
prediction  and  control  of  corrosion  cracking: 

a.  Chemistry  and  physics  near  a  crack  tip.  Advances  in  experimental 
microchemistry  and  microphysics  have  made  it  possible  to  mecisure  solution 
chemistry  (pH,  ionic  concentrations),  corrosion  kinetics  (via  potentiostatic 
and  galvanostatic  methods) ,  as  wall  as  stress-strain  relations  in  the  metal 
over  a  range  of  a  few  micixmeters  at  the  crack  tip.  A  variety  of 
eoqseriments  have  been  performed  with  good  results  in  this  area. 


b.  Systematic  variation  of  the  external  environmenteLl  chemistry  via 
variation  of  the  physico-chemical  characteristics  of  corrosion  curcelerants 
and  inhibitors.  Several  moleculcu:  and  ionic  properties  of  such  substances 
are  of  interest  with  respect  to  their  actions  in  SCC  and  CF,  e.g., 
molecular/ ionic  size  and  geometry,  mobility,  ionic  charge,  conductivity,  and 
oxidation  state. 

This  program  empirically  compares  the  electrochemiccd  environment 
within  a  stressed  crack  and  the  crack  propagation  rate  with  external 
physicochemical  conditions  controlled  by  accelerants/inhibitors.  These 
accelerants/inhibitors  cu:«  selected  so  as  to  explore  systematically  their 
(iiysical  chemistry.  Currently,  we  are  studying  the  nitrogen  oxyanion  system 
in  conjuction  with  accelerants  and  surfactants,  while  repeating  a  veuriety  of 
earlier  results  reported  in  the  literature  in  order  to  clarify  certain 
questions . 

2.1  Inhibitors 

The  accelerating/ inhibiting  effects  of  various  substances  on  bulk 
corrosion  rates  as  well  as  the  rates  of  SCC  and  CF  have  been  widely  studied. 
This  Report  is  concerned  specifically  with  the  effects  of  such  substances, 
specifically  compounds  of  nitrogen  and  boron  used  together  with  surfactants, 
in  the  corrosion  processes  of  aluminum  alloys.  The  following  discussion 
reviews  the  effects  of  such  substances  on  corrosion  processes  in  general 
and,  specifically,  aluminum  alloys. 

Accelerant/inhibitive  actions  of  various  substances  have  been 
sunmarlzed  by  Schrier  (6) .  Of  specific  concern  to  this  study  are  the 
oxyanions  of  nitrogen,  related  nitrogen  ccmpounds  (amines,  ansnonia) ,  and 
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oxyanians  from  nearby  elements  In  the  periodic  table,  especleilly  boron. 
Specific  Qxyanions  of  nitrogen  include  the  nitrite  ion,  NOg,  and  the  nitrate 

ion,  N0~,  both  of  which  have  been  stiidied  extensively.  There  are  several 

other  axyanlons  in  the  system  which  are  of  considerable  interest,  but  their 
study  in  corrosion  requires  more  chemical  soj^stlcation  than  has  been  used 

with  NO  and  NO  .  These  oxyanlons  will  be  discussed  in  a  later  section. 


Cohen  (7)  notes  that  inorganic  anodic  inhibitors  usually  are  either 
oxidizing  anions  (e.g. ,  nitrite  or  chromate)  or  buffering  agents  (e.g., 
borate  or  phos^^te) .  Oxidizing  anions  are  effective  in  the  absence  of 
oxygen,  but  the  effective  concentration  is  lower  in  the  presence  of  oxygen. 
Nitrite  reacts  at  a  metal  surface  to  form  a  protective  oxide  film,  and 
reduction  products  extend  as  far  as  ammonia.  Buffering  agents  require  the 
presence  of  oxygen  and  must  be  used  at  hi^ier  (ca  two  orders  of  magnitude) 
concentration  than  nitrite.  Cohen  (8)  earlier  had  found  that  weight  loss 
decreased  as  both  concentration  of  nitrite  and  oxygen  increased.  At 
intermediate  concentrations,  pitting  was  observed.  During  the 
reaction/ejqjosure  of  nitrite  solution  to  the  specimen,  the  nitrite  ion 
concentration  was  found  to  decrease. 


Cohen  suggests  that  a  surface  film  is  formed  by  adsorption  of  nitrite  on  the 
metad  surface,  followed  by  a  reaction  to  form  cad.de  and  amnonia.  The  same 
adsorption-reaction  mechanism  was  proposed  for  other  oxidizing  inhibitors, 
e.g.,  chromate  and  molybdate.  Although  nonoxidizing  inhibitors,  require  the 
presence  of  oxygen,  in  the  presence  of  oxygen,  a  much  higher  concentration 
of  nonoxidizing  oxyanion  is  required  to  inhibit  corrosion. 


C 


Rozenfeld  (9,  10)  has  reviewed  the  effects  of  nitrite,  nitrate,  and 
other  sinple  nitrogen-containing  compounds,  in  both  neutral  aqueous 
solutions  and  in  the  presence  of  accelerants,  specif iccQly  chloride  euid 
sulfate  ions.  The  inhibiting  properites  of  sodium  nitrite  depend  on  the 
concentration  of  accelerant  ions  in  the  electrolyte.  In  solutions 
contedning  sodium  chloride  and  sodium  sulfate,  sodium  nitrite  accelerates 
corrosion  vip  to  ra.  0.08  g/1  concentration,  but,  at  higher  concentrations, 
it  exerts  a  strongly  inhibitive  effect,  having  maximum  effect  at  0.2  g/1 
ccxxrentration,  (2  wt%) .  Rozenfeld  suggests  that  sodium  nitrite  diverts  a 
larger  part  of  the  surface  from  the  anodic  reaction  and  hence  shifts  the 
potential  more  strongly  toward  positive  values  than  other  inhibitors.  The 
corrosion- intensifying  mechanism  involving  low  concentrations  of  sodium 
nitrite  is  the  same  as  observed  for  other  anodic  inhibitors.  In  the  absence 
of  accelerant  ions  (distilled  water),  the  protective  concentration  of  sodium 

—5  -4  —4  -4 

nitrite  is  between  10  and  10  mol/1  or  ^  6.9  x  10  vtt  %. 

When  accelerant  ions  are  present,  the  logarithm  of  the  protective 
concentrations  of  sodium  nitrite  is  linear  with  respect  to  the  concentration 
of  accelerant  ions.  Ihe  protective  properties  of  nitrite  are  si^jpiessed 
most  strongly  by  sulfate  ions  and  less  strongly  by  nitrate  ions.  Therefore, 
for  the  same  concentration  of  the  accelerant  ion,  a  higher  sodium-nitrite 
concentration  is  needed  in  the  presence  of  sulfate  than  in  the  presence  of 
nitrate.  To  suppress  corrosion  in  the  presence  of  chloride,  a  lower  sodium 
nitrite  concentration  is  needed  than  in  the  presence  of  sulfate.  As  the 
concentration  of  au:celerant  ions  increases,  the  difference  between  the 
effects  of  sulfate  and  chloride  decreases,  while  the  difference  between 
chloride  and  nitrate  remains.  If  hi^  concentrations  of  the  ions  are 
excluded,  then,  in  terms  of  aggzessiveness,  accelerants  are  ranked  sulfate  > 


chloride  >  nitrate. 
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In  t2ie  presence  of  both  accelerant  and  Inhibltlve  Ions,  the  passivating 
Ion  is  adsorbed  preferentially.  Thus,  it  is  harder  for  the  nitrite  ion  to 
dislodge  already  adsorbed  chloride  ions  frcn  the  electrode  surface  than  not 
to  edlow  it  to  be  adsorbed.  When  various  aggressive  ions,  e.g.  chlorides 
and  sulfates,  are  in  the  electrolyte,  protection  is  achieved  at  a  sodium 
nitrite  concentration  that  is  generally  hig^r  than  the  total  concentration 
of  accelerant  ions.  Corrosion  occurs  Mhen  the  ratio  of  inhibitor 
conc^tration  to  toted  accelerant-ion  concentration  is  less  than  one. 


€ 


Sodium  nitrite  also  is  more  effective  in  si^ressing  the  accelerant 
properties  of  chlorides  than  are  benzoate  and  chromate.  In  the  presence  of 
sulfates,  nitrite  is  about  as  effective  as  chromate.  With  respect  to 
nitrate  icxis  the  effectiveness  of  the  different  inhibitors  decreases  in  the 
following  order:  chromate  >  benzoate  >  nitrite.  Other  ccnpounds  containing 
the  NOg  grot^  and  used  as  corrosion  inhibitors  include  dlcyclohexylamine 

nitrite  (DAN)  and  salts  of  nitrobenzoic  acids  (nitrobenzoates) .  Also 
according  to  Rozenfeld  and  MEurshakov  (11),  that  concentration  of  inhibitors 
required  to  inhibit  crevice  corrosion  is  much  higher  than  for  general 
corrosion. 

Oscyanions  of  various  elenents  (e.g.,  chromium,  molybdenum)  are 
corrosion  inhibitors  for  ferrous  alloys  in  neutrad  aqueous  solutions; 
acidified,  they  become  cathodic  depolarizers  as  well  as  Influence  the  anodic 
ionization  of  iron,  as  discussed  by  Mikhaiovskii ,  E’opova,  and  Sokolova  (12). 
Inhibiting  properties  aire  attributed  either  to  a  capeu:lty  to  "repair"  the 
oxide  film  formed  on  the  metal  in  an  electrolyte,  or  to  adsorption  of  the 
oxyanion,  resulting  in  a  change  in  structure  of  the  metal-electrolyte 
boundary.  The  influence  of  oxidizing  agents  usually  is  attributed  to  their 


enhanced  adsorption  ca^clty  vdiich  favors  formation  of  surface  complexes 
vAich  retaurd  the  anodic  ionization  of  the  metal. 

Marshall  (13)  found  that  a  combination  of  nitrite  with  N,  N-di- 
(phosphonanethyl)  methylamine  was  an  effective  Inhibitor  system  for  ferrous 
alloys,  comparable  with  nitrite  alone,  but  it  formed  a  passive  film  less 
susceptible  to  pitting.  Ledovskikh  (14)  also  hais  reported  that  combinations 
of  NaNO^  with  various  organic  amines  inhibit  the  corrosion  of  steel  in  0.1 

wtSs  IfaCl,  and  finds  further  that  this  protective  effect  correlates  well  with 
Ediysicochemical  parameters  of  the  amines  (e.g.,  electron  density  at  the 
nitrogen  atom,  ionization  constant,  ard  the  Hammett  and  Taft  constants  of 
the  organic  radical ) . 

McCafferty  (15)  classes  inhibitors  as  (a)  absorption  (chemisorption), 

(b)  film-forraing/passivating,  and  (c)  precipitation.  Crevice  corrosion  of 
iron  accelerated  by  chloride  and  inhibited  by  chromate  has  been  discussed 
further  by  McCafferty  (16),  finding  that  the  process  can  be  intiiblted 
successfully  at  chloride  concentrations  up  to  0.6  m/1  (3.5  wt.%).  The 
logarithms  of  each  ion's  surtivities  are  linearly  related  at  the  minimum 
chrcmate  activity  necessary  to  Inhibit  crevice  corrosion.  McCafferty 
e^plciined  this  on  the  basis  of  competitive  adsorption  between  the 
aggressive  and  inhibitive  ions,  each  of  which  adsorbs  eiccording  to  a  Temkin 
isotherm.  Steady-state  electrode  potentials  of  crevice-corroding  iron  were 
found  to  be  -620  to  -660  mV  vs.  Ag/AgCl  reference  electrode,  and  independent 
of  bulk  solution  conposltion. 

The  steps  by  which  aggressive  ions  act  on  A1  have  been  suggested  by 
Samuels,  Sotoudeh,  and  Foley  (17)  to  be: 
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1)  Adsorption  of  Cl  on  AlgO^  surface; 

+3 

2)  conplexing  of  AI  in  the  oxide  lattice  with  the  halide  ion  to  foxra 

solvable  AlCl”; 

4 

3)  diffiosion  in  solution  of  AlCl^,  thvos  thinning  the  oxide  layer;  and 

4)  when  AlgOg  has  been  removed,  the  Al  reacts  directly  with  the 
electrolyte. 

Inhibitoors  may  be  active  in  either  of  the  first  two  steps: 

-  con^jeting  for  adsorption  sites,  hence  retaixiing  formation  of  solvable 
species; 

+3  **  — 

-  coB?jetlng  the  reaction  in  Al  +  4C1  =  AlCl^  to  prevent  its 

formation;  hence  the  competing  ion  must  form  an  insolvoble  conplex. 

Samuels,  Sotoudeh,  and  Foley  also  tested  a  variety  of  Inhibitoirs, 
including  chromate,  and  nitrate,  and  found  that  nitrate  was  effective 
in  high  concentrations.  Certain  concentrations,  hcwever,  as  vjell  as 

certain  Cl  /NO^  ratios,  accelerate  corrasion.  Sulfate  Inhibits  alvominvam 

corrosion,  but  not  as  effectively  as  chromate. 

Aqvoeous  corrosion  studies  of  mild  steel  by  Robitaille  (18)  show  that 
the  inhibitiva  effects  of  sodivom  molybdate  and  sodivom  nitrite  (ratio  30/20), 
are  significantly  leuger  than  for  either  inhibitor  alone.  Surfactant 
additions  ( l-hydroxyethylidene-l ,  1-diphosphonic  acid,  or  2- 


mercs^tobenzothiazole)  resvilted  in  only  minor  effects. 


From  see  studies  Le,  Brown,  and  Foley  (19)  shewed  that  the  nitrate  ion 
is  reduced  by  AA  7075  to  ammonia.  Foley  and  Nguyen  (20)  have  written  the 
overall  reaction  of  A1  with  H^O  as 

A1  +  3H2O  =  AKOH)^  +  3/2H2, 

and  the  process  involves: 

A1  =  Al"^^  +  3e 

Al'*’^  +  H2O  =  h'*’  +  AIOH'^^,  etc. 

The  formation  of  an  uncharged,  stable,  basic  salt  in  a  deep  energy 
valley  will  prevent  the  reaction  from  progressing  along  the  reaction 

coozdinate.  In  the  case  of  Cl~  as  well  as  (and  possibly  chromates  and 

other  oxyanions) ,  Initial  formation  of  the  ccaiplex  species  is  rapid. 

Sulfates  (and  other  Inhibitive  oxyanions)  produced  lie  at  a  low  energy  level 
resisting  forward  movement  along  the  reaction  coordinate.  Thus,  in  all 
corrosion  reactions  such  as  pitting  and  stress  corrosion,  chloride  is 

aggressive,  but  S0^~  is  not.  They  have  analyzed  these  reactions  with 

respect  to  free  enez^  and  probable  reaction  coordinates,  as  well  as 
reactions  involving  sulfate  ion. 

Berdzenlshvill ,  Strekalov,  and  Mikhailovskii  (21)  have  studied  the 
initial  stages  of  aluminum  corrosion  in  acidified  sulfate  solutions 
cx>ntaining  the  cjxyanions  of  tungsten,  chranium,  molybdenum,  vanadium,  and 
manganese.  Corrosion  inhibition  was  explained  by  the  formation  on  the 
aluminum  surface  of  a  film  of  oxides  of  the  foreign  metals,  as  well  as  by 
the  inhibiting  role  of  hydroxyl  ions  in  the  near-surface  layer  of  the 
electrolyte  formed  during  cathodic  reduction  of  the  oxyanion.  Thus,  the 


processes  clearly  implicated  in  the  mechatvism  are:  oxidation  state  of  the 
central  atoin  in  the  oxyanion;  physical  chemistry  of  the  reduction  reaction 
in  the  surface  layer:  and  aaisorption  of  the  reductant  on  the  surface. 

Stolz  and  Pelloux  (22)  have  performed  aqueous  fatigue  tests  of  7075 
aluminum  with  sodium  chloride  as  accelerant  and  sodium  nitrate  as  inhibitor, 
as  well  as  in  dry  cdr  and  dry  argon.  Highest  crack  growth  rates  stress- 
intensity- factor-range  curves  were  observed  for  aqueous  sodium  chloride  (0.2 
molal),  and  lowest  foi  dry  argon.  Sodium  nitrite  solutions  (1.7  molal) 
reduced  crack  growth  curves  to  values  coirpairable  with  those  in  dry  air.  SEM 
studies  show  that  environment  has  a  strong  effect  on  microplastic  behavior 
at  the  tip  of  a  fatigue  crack.  Stolz  and  Pelloux  suggest  that  nitrate  ion 
ccn^tes  with  chloride  for  siirface  sites;  it  does  not  cause  meted 
dissolution  itself,  nitrate  thi:s  acts  to  protect  a  freshly  exposed  surface 
from  attack. 

Lynch  and  co-workers  (23,  24-27)  have  condixjted  a  number  of  studies 
aimed  at  developing  practical  inhibitor  formulations;  others  have  been 
motivated  (28,  29)  to  follow  similar  lines  of  investigation.  Parrish  Chen, 
and  Verink  (28)  demonstrated  that  oxidizing  inhibitors  (hydrazine,  sodium 
dichroroate)  are  effective  in  Increasing  Seeking  more  effective 

inhibitors,  Verink  and  Das  (29)  evaluated  more  than  200  potential 
formulations  for  inhibiting  corrosion  fatigue.  Experiments  included 
immersion,  linear  polarization,  amd  corrosion  crack  growth-rate  tests,  and 
their  results  showed  that  piperidine,  piperazine,  and  a  proprietary 
polyfimctional  formulation  (Nalco  39L)  significantly  reduced  corrosion 
cracking.  Iteing  similar  methods,  Lynch,  Vahldiek,  Bhansali,  and  Summitt 
(26)  showed  that  non- toxic  formulations  incl\idlng  sodium  nitrite  and  borax 


also  are  effective. 


Extending  the  search  for  practical  but  nontoxic  inhibitive  substances, 
Khobaib,  Quackenbush,  and  Lynch  (24,  25)  evaluated  a  variety  of  formulations 
with  surfactant  additions.  Similar  eoqieriments  (i.e.,  irnnersion, 
polarizaticxi,  crack-growth  kinetics)  were  performed,  some  in  specially 
constructed  environmental  chambers.  The  results  shewed  that  combinations  of 
borax,  sodium  nitrite  and  surfactants  Inhibit  both  genezal  corrosion  and 
corrosion  fatigue  in  high-strength  alvmdnum  alloys.  Although  piperazine  was 
found  to  inhibit  corrosion  fatigue,  it  did  not  affect  general  corrosion 
rates.  In  a  further  study,  Khobaib  (27)  evaluated  more  than  200 
formulations  of  organic  and  Inorganic  con^xjunds  for  their  inhibiting 
efficacy  in  the  presence  of  urine  for  use  as  eiirplane  bilge  inhibitors.  The 
most  effective  combinations  again  involved  borax,  sodium  nitrite  and  a 
variety  of  surfactants.  These  effective  inhibitor  formulations  were 
developed  by  systematic  esgiloration  of  the  compositions  suggested  by  Green 
and  Boies  (30) . 

In  summary,  the  very  extensive  accelerant/ inhibitor  suggests  that  a 
variety  (perhaps  a  "spectrum")  of  {^ysicochemical  properties  of  such 
substances  may  be  involved  in  corrosion  processes.  Many  published  studies 
contains  hints  as  to  which  properties  may  be  critical,  e.g. ,  ionic  charge, 
size,  mobility,  ionization  state,  adsorption,  etc.,  but  none  point  to  this 
conclusion  clearly,  i.e.,  systematic  exploration  of  accelerant/inhibitor 
chemistry  offers  the  best  opportunity  for  elucidating  the  crucial  properties 
in  corrosion.  The  oxyanions  of  nitrogen,  amines,  organic  nitro  compounds, 
and  other  substances,  in  short  the  chemistry  of  nitrogen,  comprise  an 
excellent  system  for  this  study.  Since  the  nitrogen  oxyanions  with  ammonia 
span  the  entire  nitrogen  oxidation  state  (+5  to  -3) ,  we  have  begun  our 


research  here. 


The  oxyanions  of  nitrogen  are  listed  in  Table  1  together  with  the 
a^^arent  oxidation  state  of  nitrogen  and  the  raost  likely  electronic 
structure.  Although  all  of  them  can  form  free  acids,  only  nitric  acid  can 
be  considered  stable  in  aqueous  solution  or  as  the  pure  acid;  all  the  rest 
decorioose  with  varying  degrees  of  violence.  All  can  be  prepared  as 
relatively  stable  salts,  particularly  the  sodium  salt,  although  the 
preparations  or  the  salts  themselves  are  scmewhat  hazardous.  The  oxidation 
reduction  and  inhibitive  properties  of  these  ions  are  related  their 
InstadDility  characteristics. 


Free  hyponitrous  acid,  can  be  prepared  as  vAute  deliquescent 

plates;  hcwever,  it  is  explcasively  unstable.  Aqueous  solutions  of  the  acid 

are  relatively  stable:  At  pH  1-3  and  25°C,  the  acid  has  a  half-life  of  ca 
16  days,  but  at  pH  4-14,  it  is  quite  stable.  The  acid  ionizes  as  a  weak 
dibasic  acid. 


”2^2°2  ™2°2  ^2°2' 


k^  =  9  X  10  ®  and  K2  =  1  x  10 


In  higher  pH  solution,  the  hydrogen  hyponi trite  ion  is  unstable. 


™^2°2  "  ^2°  • 


Thus,  the  characteristics  of  the  hyponi  trite  ion  related  to  corrosion  can  be 
examined  readily,  particularly  in  mild  acid  to  alkaline  solutions. 

The  metal  salt  are  prepared  generally  by  reduction  of  the  nitrate  ion, 
cormonly  by  sodium  amalgam, 

2Nairo2  +  8  Na/Hg  +  4  H2O  - > 


Na„N_0_  +  8  NaOH  +  8  Hg, 


Hyponitrites  possess  both  reducing  and  oxidizing  properties  as  indicated  by 
the  couples 


”2^2°2  ^ 


Ng  +  2H2O  =  H2N2O2  +  2H‘^  +  2e- 


2NH20H'*'  =  H2N2O2  +  6H‘'‘  +  4e- 


in  acidic  solution,  and  the  coijples 


N202"^  =  2N0  +  2e-  E° 


\°7 


+  40K-  =  2NO2  +  2H2O  +  4e- 


N2  +  40H-  =  N2O2 


-2 


2H2O 


+  2e- 


2NH-0H  +  60H-  =5  N_Ol^ 


+  6H-0  +  4e- 


-0.712  volt 


-0.86 


-2.75  volts 


-0.44  volts 


-0.10  volt 


0.18 


-1.60  volts 


=  0.73  volt 


in  alkaline  solution.  However,  the  reducing  properties  predominate.  Strong 
oxidizing  agents  will  convert  hyponitrites  to  nitrates. 

2.2.2.  Nitroxylate  and  Nitrohydroxylate 

Salts  of  two  acids  having  ccn^xasitions  expressed  by  the  fonnula  N0^H20 

have  been  prepared.  The  first  of  these,  nitroxylic  acid,  H^NO^,  also  called 

hydronitrous  acid,  is  known  only  in  the  form  of  its  soditan  salt, 

This  sadt  is  obtained  either  by  the  electrolytic  reduction  of  solutions  of 
sodium  nitrite  in  liquid  ammonia,  or  by  the  addition  of  sodium  nitrate  to 
solutions  of  sodium  in  liquid  ammonia  until  the  blue  color  disappears; 
yellowish  sodium  nitroxylate  then  precipitates  from  the  liquid  ammonia 
solution.  On  contau:t  with  water  or  moist  air,  sodium  nitroxylate  reacts 
e:qjlosively  with  the  evolution  of  hydrogen.  This  ion,  then  can  not  be 
studied  with  respect  to  aqueous  corrosion. 

Nitrohydroxylamic  acid,  H2N20g,  adso  is  not  known  as  the  free  acid, 

although  a  number  of  metal  nitrohydroxylaraates  have  been  prepared.  If  a 
concentrated  absolute  ethanol  solution  of  sodium  ethylate  is  mixed  with  a 
saturated  alcohol  solution  of  hydroxy lammonivim  chloride  in  alcohol,  sodium 
chloride  precipitates  and  can  be  filtered  off,  ethyl  nitrate  then  is  added 
to  the  filtrate,  and  a  solution  of  sodium  nitrohydryxylamate  is  obtained. 
When  this  solution  is  cooled,  solid  Na^N^O^  separates  as  a  fine  powder.  The 

salt  dissolves  in  water  to  give  alkaline  solutions,  presumably  because  HN^o” 

and  HgNgOg  are  weak  acids  and  the  NgO”  ion  undergoes  hydrolysis.  If 
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solutions  containing  ions  are  acidified  immediate  decoit^xDsition  takes 
place: 


N20~  +  =  2N0  +  SHgO 

When  heated,  aqueous  sodium  nitrohydroxylamate  deccirposes  to  yield  nitrogen 
(I)  oxide  and  the  nitrite  ion.  Solutions  of  nitrohydroxylamates  are  readily 
oxidized  even  by  atmospheric  oxygen.  Ihus,  the  nitrohydroxylamate  ion  can 
be  studied  in  alkaline  solutions,  but  with  considerable  difficulty. 


•  I 


A  compound  apparently  Identical  to  the  nitraxylhydroxylamate  is  sodium 
alpha-oxyhyponi trite,  Na2N202,  vdiich  has  been  prepared  by  the  action  of 

hydroxylamine  and  sodium  ethoxide  in  alcoholic  solution  of  ethylnitrate.  An 
allotropic  beta  form  of  the  same  compound  results  from  the  oxidation  of 
sodivira  hyponitrite  by  liquid  N20^.  The  hyponitrite  and  alpha- 

oxv^yponi trite  may  be  distinguished  by  the  differences  in  their  ultraviolet 
absorption  spectrum. 


•L. 


2.2.3.  Hvdroni trite  (32) 


The  sodium  salt  of  this  acid  is  prepetred  in  a  manner  similar  to  that  for 
sodium  hydronitrate,  except  sodium  nitrite  is  used  instead  of  sodium 
nitrate.  A  solution  of  sodium  nitrite  in  liquid  ammonia  is  added  to  a 
liquid  ammonia  solution  of  sodivnn  until  the  blue  color  disappears.  An 
intense  yellow  flocculant  precipitate  forms,  having  the  formula  Na2N02.  The 

alkaline-hydronitrite  is  extraordinarily  reactive;  air,  moisture,  and  carbon 


dioxide  react  violently  with  it,  and  even  a  small  mass  often  produces  a 
powerful  explosion.  Clearly  the  hydronitrite  can  not  be  studied. 

Nitric  amide,  NO^NH^,  has  the  same  formula  as  hydronitrous  acid,  but  a 

different  structure.  It  also  is  unstable  (33),  however,  and  would  not  be  of 
innediate  interest. 

2.2.4.  Nitrite 

Sodivon  nitrite  is  a  readily  avciilable  laboratory  reagent.  Nitrous  acid 
and  the  nitrites  are  most  commonly  en^loyed  as  oxidizing  agents,  although 
stror^  oxidants  (e.g.,  electric  current,  MnO^,  and  CI2)  convert  nitrous  acid 

to  nitric  acid,  and  even  weak  oxidants  (e.g.,  0^)  convert  nitrous  to  nitric 

acid  in  alkaline  solution.  Important  covples  describing  these  behaviors  are 

N„0  +  3H„0  2HN0„  +  4H'^  +  4e“  E°  -  =  -1.29  volts 

22  2  290 

NO  +  H^O  KNO2  +  +  e“  =  0.99  volt 

HNOg  +  HgO  N0“  +  3H'^  +  2e~  =  -0.94 

in  acidic  solutions,  and 

N2O  +  60H"  2NO2-  +  3H2O  +  4e"  E29Q  =  -0.15  volt 
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NO  +  2aH[~  ND“  +  HgO  +  e' 


=  0.46 


.■'J  ir-j  « 


x-:-: 


NO2  +  20  H  N0“  +  HgO  +  2e“  =  -0.01 

in  alkaline  solutlcans.  The  greater  oocidizing  strength  in  acidic  solutions 
is  apparent.  Ihe  complete  behavior  of  nitrous  acid  in  the  presence  of 
reducing  agents  is  not  clear  in  tezms  of  these  couples  alone,  since  other 
reduction  products  may  result,  depending  i^n  the  reducing  agent  enroloyed, 
pH,  and  temperature. 


2.2.5.  Nitrate 


Sodium  nitrate  is  readily  available,  and  its  properties  are  well  known 
( 31 ) .  The  data  in  Table  2  show  the  wide  variety  of  reduction  reactions 
available  and  their  relations  to  other  nitrogen  oxyanions  and  corpounds. 

Also  shown  are  stepwise  reduction  processes  of  nitrogen  (V)  to  nitrogen 
( HI ) .  The  effect  of  acid  media  on  the  oxidizing  power  of  nitrate  is 
clearly  evident. 

2.2.6.  Peroxynltrate 

Peroxynitric  acid  is  formed  from  the  reaction  of  hydrogen  peroxide  with 
dinitrogen  pentoxide, 

Vs  ^  V2  =  HNO3  +  HNO4. 
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The  sodlinn  salt  Ccui  be  prepared.  The  oxidation  state  of  nitrogen  In  the 
peroxynitrate  ion  is  +5,  the  same  as  in  the  nitrate  ion,  and  the  ion 
configuration  differs  only  in  the  presence  of  an  extra  oxygen  atom  (Table 
1 ) .  Preparation  of  sodium  peroxyonitrate  is  considerably  more  hazardous 
than  for  any  other  salts,  altliough  tvio  of  the  other  salts  themselves  are 
more  hazardous  to  handle. 

As  a  result  of  these  considerations,  the  first  nitrogen  oxyanion  that 
is  under  study  in  this  program  is  hyponi trite.  Simultaneously,  the 
characteristics  of  nitrite,  nitrate,  and  ammonia,  alone  and  in  combination 
with  other  inhibitors  (e.g. ,  chloride),  and  surfactants  are  being  examined. 

2.3.  Inhibitors/Accelerants  used  in  this  Program. 

As  noted,  a  variety  of  inhibitor /accelerant  and  surfactant  substances 
are  under  stvdy.  These  include  (a)  ordinary  reagent-grade  chemicals,  e.g., 
NaCl,  NaNOgf  NaNO^,  and  NH^OH,  (b)  commercial  and  reagent-grade  surfactants, 

(c)  the  Lynch  formulation  mentioned  in  Section  2.1,  and  (d)  other  con^jounds 
of  nitrogen,  specifically  sodium  hyponi trite.  The  Lynch  formulation  [item 
(c)]  is  listed  in  Table  3.  Preparation  of  sodium  hyponitrite  is  described 
briefly  in  Section  2.3.1.  Procedures  for  determining  aqueous  concentratians 
of  the  most  significant  ions,  before  and  after  corrosion  tests,  are 
described  in  Section  2.3.2.  Section  2.3.3.  discusses  briefly  our  initial 
evaluations  of  veurious  surfactants. 


Table  3.  Multifunctional  Inhibitor  Formulation  (27) 


Recomnended 

FotmQa  Weight  acnieous  wt  % 

Borax  NagB^O^lOHgO  381.37  0.35 

Sodium  Nitrate  NaNO^  84.80  0.1 

Sodium  Nitrite  NaN02  69.00  0.05 

Sodium  Metasilicate  NagSiO^' 511^0  212.74  0.01 

Pentahydrate 

Sodium  Hexameta  (NaP0jj)^Na20  0.002 

Phosphate 

MBT,  Mercapto-  167.25  0.001 

benzothiazole  _ 

Total  0.513  wtSj 


2.3.1.  Sodium  Hyponitrite  Preparation. 

Sodium  hyponitrite  was  prepeured  by  aqueous  reduction  of  sodium  nitrate 
with  sodium  amalgam.  Sodium  amalgam  (^.  2  wt%)  was  prepared  by  adding 
liquid  mercury  to  warmed  sodium  metal  under  a  nitrogen  atmosphere  (34) ,  then 
stored  in  a  nitrogen-filled  desiccator.  Reduction  of  ice-chilled  4-moleu: 


aqueous  scxiium  nitrate  to  produce  sodium  hyponitrite  was  achieved  by  adding 
sodium  amalgam  to  the  solution  under  nitrogen  (33).  Crystalline 

Precipitates  vAien  the  filtrate  is  placed  in  a  vacuum  desiccator 

over  sulfuric  acid.  The  filtered  precipitate  is  washed  with  ethanol  to 
remove  NaOH,  then  stored  in  a  desiccator. 

2.3.2  Determining  Aqueous  Concentrations  of  Nitrogen  Oixyanions. 

The  accelerant/inhibitive  effects  of  the  various  nitrogen  oxyanions  as 
well  as  anticipated  decomposition  of  some  ions  will  result  in  mixed 
solutions  of  various  anions.  It  is  essential  that  these  solutions  be 
anailyzed  before,  during,  and  after  corrosion  tests.  Colorimetric  analytical 
methods  are  readily  available  { 35 ) ,  and  spectrpphotcmetric  methods  can  be 
used  to  determine  hyponitrite  and  alpha-oxyhypanitrite  in  the  presence  of 
nitrite  and  nitrate  (36),  and  nitrite  and  nitrate  (37,  38). 

The  MSU  corrosion  laboratory  now  is  fully  equipped  for  chemical, 
colorimetric  and  spectrophotometric  analysis  of  tlsese  solutions.  A  Bausch 
and  Lomb  Spectronic  20  is  used  for  colorimetric  determinations.  For 
spectrophotometric  measurements,  the  laboratory  includes  a  Beckman  Mocel  DB- 
GT  Ultraviolet-visible-near  infrared  spectrophotometer.  This  is  a  slngle- 
beam/double-beam,  ratio-indicating  or  recording  instrument  vAiich  can  make 
raqjid  transmittance  and  absorbance  measurements  in  the  190  to  700  nm 
wavelength  region.  Quantitative  and  qualitative  analyses  of  oxyanions  of 
nitrogen  and  other  components  of  the  electrochanical  system  under  study  are 
obtainable  with  high  resolution.  This  spectrophotometer  also  is  equipped 
with  a  Beckman  Reflectance  Accessory,  which  can  convert  the  instrument  to  a 
spectroreflectometer  for  surface  studies. 


2.4  Micrcjelectrcxies  in  Stress  Corrosion  Cracking  and  Corrosion  Fatigue 

2.4.1. Review 

Because  of  the  obvious  experimental  difficulties,  measurements  of 
electrode  potentials,  pH,  and  ion  concentrations  within  a  real  crack  have 
been  quite  limited.  Smith,  Peterson,  and  Brown  (39)  used 
antimony/antimonous  oxide  (Sb/Sb^O^)  and  silver /silver  chloride  (Ag/AgCl) 

electrodes,  each  of  1/16  inch  diameter,  and  a  similar  size  comnercial  glass 
electrode  to  mearure  electrode  potential  and  pH  at  the  tip  of  an  advancing 
crack.  The  Sb/Sb202  and  Ag/AgCl  electrodes,  conbined  as  a  single  probe, 

were  too  large  to  insert  into  the  crack.  Instead,  a  small  scrap  of 
absorbent  lens  tissue  was  placed  against  the  outside  surface  of  the  crack 
tip,  and  against  this  were  placed  the  electrochemical  probes.  Electrolyte 
was  stalled  by  a  reservoir  on  the  opposite  face  of  the  specimen,  and  leak- 
through  was  prevented  by  a  cemented  Mylar  film  on  the  probe  side.  Their 
results  showed  that  the  electrochemistry  at  the  crack  tip  is  favorable  for 
hydrogen  reduction. 

Ratych,  EBytiakh,  Pusyak,  and  Kurov  (40)  determined  pH  and  electrode 
potential  at  a  crack  tip  in  steel  by  boring  capillsury  holes  in  specimens  in 
the  path  of  the  creudc's  growth  and  perpendicular  to  its  front.  In  this  hole 
was  inserted  the  electrolytic  capillary  through  vAiich  properties  of  the 
electrolyte  at  the  crack  tip  could  be  sampled.  A  flow-through  system  was 
used.  Again,  microelectrodes  were  not  Inserted  into  the  crack,  but 
electrolyte  flowing  from  it  was  analyzed. 

Most  ejqjerimental  efforts  to  determine  crack  tip  (or  crevice  tip) 
conditicnis  have  centered  on  the  artificial  cell,  or  the  occluded  cell.  A 


wide  variety  of  such  studies  have  been  published,  and  a  detailed  review  here 
vmuld  be  sv^rflvious;  reviews  already  are  in  print,  two  of  v^ch  summarize 
the  situations  in  1963  (41)  and  1981  (42). 

Artificial  cracks  and  crevices  may  yield  interesting  results,  but  such 
results  at  best  can  be  only  a  guide  for  developing  eaqjeriments  for  measuring 
the  actual  electrochemical  conditions  at  the  crack  tip,  or  for  devising 
e:q)eriments  of  a  different  natvire. 

True  microelectrodes,  i.e.,  of  microscopic  dimensions,  offer  the 
possibility  of  actvial  insertion  of  probes  into  a  growing  crack.  Frank  and 
Puortes  (43)  describe  the  fabrication  and  use  of  such  microelectrodes  from 
pipettes  of  redrawn  Coming  Code  7740  glass  tubing.  The  tips  of  their 
micropipettes  were  less  than  0.5  m  diameter  and  seven  mm  in  iengrth. 
Dynamic  electrical  activity  (potential)  was  measured  within  spinal  nexaral 
cells  with  such  electrodes.  Rector,  et.  ^  (44)  used  similar,  but  slightly 
larcfer  electrodes  made  of  Coming  015  pH-sensitive  capillary  glass  tubing  to 
measure  the  pH  in  rat  renal  tubules.  In  addition  Vieira  and  Malnic  (45) 
have  used  antimony  microelectrodes  to  measure  m  situ  pH  in  rat  renal 
tvibules.  These  microelectrodes  were  fabricated  vising  the  same  general 
techniques  and  equipment  as  are  used  for  making  glass  microelectrodes,  but 
are  sonevAiat  more  rugged.  Carter  (46)  provides  detailed  procedures  for 
preparing  glass  microelectrodes  which  incorporate  a  reference  electrode  in 
the  same  structure.  Pucacco  and  Carter  (47)  describe  more  difficult  methods 
for  fabricating  both  single  and  double  electrodes  from  non-sensitive  glass 
micropipettes  with  a  membrane  of  sensitive  glass  covering  the  tips.  Such 
electrodes  have  the  advantage  of  having  smaller  surface-active  area.  Thomas 
(48)  discusses  in  extensive  detail  materials,  equipment,  and  procedures  for 
producing,  testing,  and  using  not  only  pH  and  ion-sensitive  glass 
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microelectrodes,  but  also  a  variety  of  others  for  chloride,  etc.  such  as  the 
Ag/AgCl  microelectrodes. 

Somewhat  larger,  more  rugged  pH  and  ion-sensitive  "micro"  electrodes 
are  commercially  available  (W-P  Instruments,  Inc.,  P.  O.  Box  3110,  New 
^  Haven,  Conn.,  06515,  and  Microelectrodes,  Inc.,  Londonderry,  NH  03053).  A 

full  line  of  materials  and  handling  apparatus  is  offered  (WPI)  for 

laboratory- fabricated  electrodes . 

I 


An  interesting  and  novel  development  in  this  field  has  been  the  solid- 
state  device  fabrication  methods  to  prepare  chemically-sensitive  membranes 
by  I .  La\dcs  of  the  University  of  Pennsylvania  and  co-workers  ( 49-51 ) .  The 
most  interesting  of  these  has  been  pH  sensitive  sputtered  iridium  oxide 
film.  These  pH  electrodes  have  been  used  in  a  wide  variety  of  environments 
hostile  to  glass  electrodes,  and  have  been  used  to  measure  pH  within  the 
human  mouth  with  better  performance  than  glass  electrodes  ( 52 ) .  In 
principle,  this  electrode  can  be  of  near  vanishing  size,  limited  only  by 
microcircuit  factrication  technology  and  the  necessary  provision  for 
external  electricad  connections.  Although  experienced  faculty,  trained 
personnel,  adn  facilities  are  available  at  MSU  for  facricating  such 
devices,  our  efforts  to  data  have  centered  on  the  fabrication  and  use  of 
more  traditional  glass  and  metal/metal  oxide  microelectodes . 


2.4.2.  Experimental 


A  pilot  program  has  been  developed  to  construct  equipment  for 
fabricating  electrodes  having  tip  diameters  less  than  100  m,  and  then  \ise 
them  in  initial  ejqperiments  to  determine  the  conditions  within  a  crack. 


Eroerimental  measxuement  of  conditions  inside  a  crevice  is  difficult  because 


of  the  obvious  problan  of  geometry.  Although  it  is  generally  conceded  that 
chemistry  within  a  corrosion  crack  differs  from  that  of  the  bulk  solution, 
convincing  experimental  evidence  is  not  available,  despite  numerous  efforts 
to  obtain  such  data.  We  describe  here  our  results  with  the  silver-silver 
chloride  microelectrode  and  its  method  of  production. 

2.4.2. 1.  Microelectrode  E>uller 

A  vertical  micropipette  puller  similar  to  Figure  1  was  constructed. 

The  vertical  back  plate  is  33  cm  high,  9  an,  wide  and  0.6  cm  thick.  The 
upper  clamp  for  holding  the  glass  capillary  is  mounted  at  the  top  and,  the 
lower  clanp  is  on  the  upper  cross  piece  of  the  slide.  The  total  free 
movement  of  the  slide  is  6.5  cm.  The  holes  for  the  tubing  clamps  are  8  mm 
in  diameter.  A  glass  tubing  about  1  mm  in  diameter  is  held  by  nylon  screws 
fixed  in  the  8  mm  holes.  Kanthal-A  steel  wire  heater  coils  are  mounted  on  a 
block  of  insulating  material  vAiich  plugs  into  sockets  in  the  back  plate. 
Power  for  the  heater  is  supplied  by  a  Variac  auto  transformer. 

Three  major  factors  affect  the  shape  of  the  micropipettes.  These  are, 
in  the  order  of  importance: 

1.  Temperature,  shape  and  size  of  the  heater  element; 

2.  The  kind,  diameter  and  wall  thickness  of  qlass  tubing  used; 

3.  The  strength  and  variation  of  pull. 

Temperattire  is  the  most  important  factor  affecting  the  shape  of  glass 
pipette.  The  hotter  and  longer  the  heater  coil,  the  longer  are  the 
micropipettes  produced. 


2. 4. 2. 2.  Glass  Capillaries 


The  micrtjpipettes  were  filled  by  a  gently  boiling  for  30  minutes  in 
methanol  ard  kept  for  30  minutes  at  roan  temperature.  They  were  then  placed 
in  distilled  water  for  7  hours  at  room  tenperature.  The  distilled  water  in 
the  capillaries  then  was  replaced  by  3  M  KCl  by  immersing  them  in  3  M  KCl 
solution  for  10  days  at  roan  temperature. 

Fine  silver-silver  diloride  wires  then  were  introduced  into  the 
micropipettes.  The  method  of  makir^  fine  silver-silver  chloride  wires  is  as 
follows : 

1)  10  cm  of  clean  0.127  nsn  99.9%  silver  wire  is  used. 

2)  Immerse  20  nm  of  the  wire  for  8-10  minutes  in  a  solution  of  10%  NaCN 
-  5%  NaOH  in  water  etches  it  to  a  fine  point  under  a  potential  of  5V,  with 
the  wire  positive.  The  etched  wire  has  the  correct  shape  viven  the  current 
has  fallen  to  50%  of  its  initial  valxie. 

3)  It  is  then  chlorided  electrolytically  in  dilute  HCl  with  a  current 
of  about  5  microamperes  for  1  minute.  This  wire  was  then  carefully 
positioned  inside  the  borosilicate  glass  micropipette  and  temporarily 
secured  with  a  drop  of  fast  setting  epoxy  adhesive. 

2. 4. 2. 3.  Results 

Progress  to  data  has  reached  only  the  point  where  microelectiodes  can 
be  fabricated  and  calibrated.  No  experimental  results  are  available 
concerning  crack  electrochemistry. 

2.5  Models  of  SCX:,  CP,  Crevice  Corrosion,  and  Pitting. 


Stress  corrosion  cracking,  corrosion  fatigue,  crevice  corrosion,  and 
pitting  processes  all  depend  upon  electrochemical  and  mass  transport 
processes  vAiich  have  been  well-described  mathematically  (53-55) .  Because  of 
thoughtful  concern  for  the  reader,  the  details  are  not  reproduced  here; 
however,  raathemetical  manipulation  is  practiced  widely  upon  the  differential 
equations  for  ion  transport,  metal  dissoluticai  and  hydrogen  reduction 
kinetics,  electrode  potentials,  size/shape  of  the  crack,  and  external 
chemistry  (essentially  chloride  ion  concentration  and  pH)  (56-62).  For  the 
most  part,  the  results  are  not  easily  adapted  to  experimental  evaluation. 

Beck  and  Grens  (63)  developed  one  of  the  ecU'liest  quantitative  models  based 
on  simultaneous  differential  equations,  taking  account  of  hcilide  ion 
diffusion  to  the  crack  tip,  hydrogen  reduction  on  crack  walls,  production  of 
soluble  metal  ions,  and  oxide  formation  on  crack  walls.  Parkins  (64) 
reviewed  the  various  models  and  experimental  evidence  for  them  and,  lacking 
the  wisdom  of  Solcmon,  restated  his  earlier  view  (65)  that  each  mechanism 
may  be  operative  under  various  combinations  of  alloy,  chemistry,  and 
physics,  i.e.,  no  single  mechanism  can  account  for  all  inst2ax:e8  of  stress 
corrosion.  Subsequently,  a  variety  of  interesting  studies  of  the  problem 
have  appeared. 

From  potential  measurements  of  electrolyte  within  pits  and  other 
observations,  Pickering  and  Frankanthal  (66)  developed  a  modified  model  of 
pit  growth  which  involves  active  dissolution  and  a  high  resistance  path 
caused  by  hydrogren  bubble  occlusion.  Simons,  Reus  and  Wei  (67)  identified  a 
slow  step  in  the  surface  reaction  of  water  vapor  with  steel  (AISI  4340) , 
correlated  with  the  nucleation  and  growth  of  oxide  film.  Hydrogen, 
presumably  produced  in  this  reaction,  was  responsible  for  embrittlement. 
Comparing  activation  energies  and  other  data,  this  step  was  determined  to  be 


the  rate  ccxitrolling  process  for  steel  in  water  or  water  vapor.  Oldfield 
and  Sutton  (68)  developed  a  mathematical  model  of  the  initiation  stage  of 
crevice  corrosion  based  on  oxygen  depletion  within  the  crevice,  followed  fay 
a  lowered  pH,  permanent  breakdown  of  the  passive  film,  and  rapid  corrosion. 
Lees,  Ford  and  Hoar  (69)  have  reviewed  (primarily  their  own)  experimental 
work  and  theoretical  views  concerning  practical  methods  for  control  of  SCC 
and  CF. 

The  model  of  Alklre  and  Siitari  (70)  of  a  long,  narrow  occluded  cell 
with  anode  localized  in  the  tip  region  predicted  hydrogen  reduction  on  side 
veils  and  external  surface  from  meted-ion  hydrolysis,  diffusion  of  hydrogen 
ions.  Ohm's  law,  Tafel  kinetics,  and  construction  of  cuzrent  lines.  Alkire 
and  Siitari  (71)  extended  this  model  to  the  more  complex  three-dimensional 
case  and  solved  the  differential  equations  by  computer  to  yield  data  for 
ccmparison  with  ejperimental  results  (72).  Hebert  and  Alkire  (73)  used  the 
model  to  describe  ejqjerimental  conditions  of  crevice  corrosion  initiation 
(74).  Their  model  predicts  rapid  depletion  of  oxygen  and  acidification 
within  the  crevice,  followed  by  increasing  concentration  of  dissolved  metal, 
but  only  negligible  accumulation  of  chloride  ion. 

Turnbull  (75)  details  a  mathematical  anedysis  of  the  time-dependent 
distribution  of  oxygen  concentration  along  the  length  and  across  the  width 
of  a  parallel-sided  crack,  and  Turnbull  and  Thomas  (76)  offer  a  model  of 
electrochemical  conditions  in  a  static  crack  in  steel.  Their  model  is  based 
on  the  steady-state  mass  transport  of  species  by  diffusion  and  ion 
migration,  anodic  dissolution,  hydrolysis  of  ferrous  ions,  and  cathodic 
reduction  of  hydrogen  ions,  assuming  that  electrode  reactions  take  pleK:e  at 
both  the  tip  and  walls  of  the  crack.  Both  pH  and  potential  drop  in  the 


crack  were  evalviated  as  functions  of  external  potential,  crack  dimensions, 
and  external  chemistry  in  a  3.5S5  NaCl  solution  for  a  low  alloy  steel. 

3 .  Experimental  Results 

3.1.  Electrokinetics 

3.1.1.  Electrokinetic  Apparatus. 

Potent iostatic  and  galvanostatic  measurements  were  performed  using 
comnercial  equipment ,  including 

(a)  Princeton  Applied  Research  (PAR)  model  173 
Potentiostat/Galvanostat , 

(b)  PAR  Model  376  Logarithmic  Current  Converter, 

(o)  Wavetek  Model  175  Arbitrary  Waveform  Generator,  aivd 
(d)  Soltec  VP-6414  S  X-Y  recorder 

The  waveform  generator  can  be  used  to  produce  any  desired  potential /current 
function  with  respect  to  time,  as  well  as  built-in  sine,  square,  triangle, 
and  ramp  waveform;  the  latter  (ramp)  was  used  in  most  experiments. 

Experiments  were  performed  in  a  PAR  Model  K47  Corrosion  Cell  System, 

2 

with  a  square-shaped  working  electrode  of  one  cm  area,  and  a  saturated 
calcmel  electrode  (SCE)  as  reference.  The  counter  electrode  consisted  of 
twin  high-density  graphite  rods.  In  potentiostatic  operation,  a  PAR  Model 
178  Electrometer  Probe  was  used  to  monitor  the  reference  electrode. 

3.1.2.  Electrokinetics 


3. 1.2.1.  Chloride  Ion  Concentration  Effects 

Anodic  polarization  profiles  at  the  bare  surface  for  concentrations 
between  0.1  wt.%  and  3  wt.Ss  NaCl  at  room  temperature  aure  shown  in  Figure  2. 
The  corixsion  potential  of  7075-T6  A1  alloy  varies  widely  with  the  chloride 

concentration;  as  Cl  concentration  increases,  corrosion  potential  decreases 
and  corrosion  current  density  increases.  The  profiles  in  Figure  2  were 
continuous,  but  were  not  adaptable  to  Tafel  analysis  because  the  linear 
region  was  too  short.  A  very  thin,  dark  gray  adherent  film  formed  on  the 
surface  of  the  specimen. 

Cathodic  profiles  at  the  bare  surface  are  shown  in  Figures  3  and  4  for 
1^  and  3^  NaCl  at  room  ten^jerature;  the  current  density  is  independent  of 
the  solution  concentration.  These  profiles  show  the  limiting  current 
density  resulting  from  oxygen  reduction  or  oxide  passivation.  As  potential 
is  decreased,  no  deposit  accumulated  on  the  surface,  nor  was  gas  evolution 
or  bubble  formation  observed. 

3. 1.3.2.  Inhibitor  Effects 

Anodic  polarization  of  7075-T6  is  shown  in  Figures  5  and  6  for  NaNO^  + 

Na2®4^7  wt.^)  and  0.1  wt.%  NaSCN  solutions,  respectively,  with  1  wt.Ss 

NaCl.  There  are  no  discontinuities,  v^ch  normally  are  associated  with  film 
formation,  and  no  passivation.  The  corrosion  potential  was  independent  of 
the  inhibitor  concentration. 

It  is  known  that  these  inhibitors,  NaN02,  NaNO^  +  Na^B^O^  combined,  and 
NaSCN  increase  passivation  against  chloride  attack.  The  nitrite  ion  affects 
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CATHODIC  POLARIZATION  OF  7075  T6  Al  ALLOY  IN  I  wt 
NaCl  SOLUTION  WITHOUT  STIRRING  AT  20°C  +  2°C 
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ANODIC  POLARIZATION  OF  7075  T6  A1  ALLOY  IN  1 
AND  INTIIBITOR  WITHOUT  STIRRING  AT  20°C  +  2°C 


the  potential,  that  is,  those  sadts  whose  anions  have  high  redox  potentials, 
e.g. , 

N0~  +  8  h'*'  +  6e  NH~  +  2H2O 

E  =  +  0.90  V,  SHE. 

The  anodic  profile.  Figure  5,  shews  a  small  effect  of  NaII02  and  upon 

polarization  behavior,  but  no  effect  is  seen  in  Figure  6. 

The  passive  film  formed  by  NaN02  in  this  inhibitor  concentration  range 

is  ineffective  against  chloride  even  viien  the  inhibitor  concentration  also 
is  high.  Oxidizing  inhibitors,  by  providing  an  additional  cathodic 
reactant,  effectively  reduce  cathodic  polarization,  thus  Increasing  the 
corrosion  curreit.  If  added  in  insufficient  quantity,  oxidizing  inhibitors 
can  have  disastrous  consequences.  If  no  passivation  results,  as  in  these 
ejqjerimental  results,  emodic  dissolution  increases  or  the  passive  film  is 
weak. 

Figures  7  and  8  show  the  anodic  polarization  behavior  of  7075-T6  A1 
adloy  in  the  inhibitor  solutions.  CH^CXXltfa  and  (C00fe)2i  respectively,  with 

1  wt.i^5  NaCl.  Acetate  and  oxalate  ions  are  chelating  agents,  i.e.,  ions  or 
molecular  species  with  two  or  more  ataos  having  unshared  pairs  of  electrons. 
The  chelating  agent  Cein  donate  the  vmshared  electron  pair  to  a  metal  atom  to 
form  a  stable  5-  or  6-member  ring  resembling  a  "claw,"  with  the  result  that 
the  metal  atom  is  held  in  a  stable  configuration  and  the  chelate  produced 
usually  does  not  exhibit  the  properties  of  the  metal  atom  or  the  chelating 
agent.  In  the  case  of  altaninum  alloys,  the  chelating  agent  can  react  with 
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the  aluminum  cation  in  the  oxide  film.  Depending  on  the  chelating  agent, 
the  resvilting  cortpound  may  be  stable  and  insolx±>le,  or  it  may  be  a  stable, 
solvible,  cooplex  ion  with  a  solubilizir^  function  on  the  oxide. 

No  change  was  observed  in  corrosion  potential  or  anodic  polarization 
curves  when  sodium  acetate  and  sodium  oxalate  vere  added  to  1%  NaCl. 

Metal logtaphic  examination  of  specimens  showed  general  corrosion  on  the 
surface.  As  an  inhibitor,  a  chelating  agent  reacts  with  aluminum  to  form 
insoluble  aluminum  oxalate  or  acetate,  preventing  alimiinum  corrosion  by  a 
precipitation  effect. 

In  chloride  solutions,  inhibition  may  be  viewed  as  interference  with 
the  reaction 

Al^"^  +  2  Cl"  +  20H"  "31^  A1  (OH) 2  Cl", 

by  vtfuch  the  oxide  film  is  thinned.  A  species  may  form  a  canplex  ion  which 
may  be  stable  and  soluble, 

Al^'^  +  3  R~  A1  Rg, 

wherein  the  species  A1  R^  is  stable,  uncheu^ged  and  very  slightly  ionized  and 

resides  at  or  near  the  aluminum  surface.  Although  precipitation  inhibitors 
aure  known  to  prevent  alianinum  corrosion  in  the  presence  of  chloride,  our 
results  showed  no  effect  on  the  polarization  of  7075-T6  A1  alloy. 

Figure  9  shows  the  anodic  polarization  behavior  of  7075-T6  A1  alloy  in 
the  presence  of  borate-nitrite  (0.1S5  NaNO  +  Na_B.O_)  inhibitor,  with  small 


additions  of  surfactant,  such  as  2-aminc>-2-inethyl-l-propanol ,  to  the  ISS  NaCl 
solutions.  Saall  additions  of  surfactants  have  been  reported  to  improve 
inhibiticai  by  borate-nitrite  and  to  provide  good  protection  to  aluminum  in 
high  chloride-containing  solutions  ( 66 ,  12,  92) .  Figure  8  shows  tiiat  the 
corrosion  potential  moved  in  the  active  direction  by  the  addition  of 
surfactant,  from  -0.710  V  (vs  SCE)  to  -1.049  V.  The  corrosion  potential  was 
greatly  altered  by  2-aminD-2-methyl-l-propanol .  During  the  equilibration,  a 
thick  black  oxide  film  formed.  With  the  potential  increasing  to  -0.630  V, 
the  current  density  remains  constant  because  of  oxide  formation  on  the 
specimen  surface.  At  a  potential  of  -0.550  volt  (vs  SCE),  the  oxide 
subtly  breaks  down  and  the  anodic  current  density  increases  because  of  the 
occurr«ice  of  surface  gas  formation.  As  the  potential  is  increased,  the 
oxide  film  continues  to  form. 


According  to  Figure  9,  small  additions  of  2-amino-2-methyl-l-piDpanol 
affects  the  anodic  polarization  curve,  and  provides  protection  in  the 
presence  of  chloride  ion.  Surface  active  ccjroounds  interfere  with  the 
dissolution  reaction  by  interacting  with  the  passive  film  provided  by  the 
inhibitors,  resulting  in  the  developnent  of  a  stronger  adsorbed  protective 


Potentiodynamlc  cathodic  polarization  curves  at  room  temperature  and  at 
2  wt.%  NaCl,  Figure  4,  and  1  wt.Ss  NaCl  +  0.1  vft.%  NaNO^  are  shown  in  Figure 

10,  respectively.  The  cathodic  polarization  curve  shews  a  limiting  current 

2 

density  (ca.  11.5  fiA/an  ),  caused  by  hydrogen  evolution  from  -1.08  V  to  - 
0.715  (vs  SCE);  gas  evolution  on  the  surface  was  observed.  As  the  potential 
is  decreased,  the  gas  evolution  rate  increased.  The  anodic  polarization 

2 

curve  also  shews  a  limiting  current  density  (ra.  15.5  ^A/cm  )  resulting 
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FIGURE  9.  ANODIC  POLARIZATION  OF  7075  T6  Al  ALLOY  IN  1  wt 
NaCl,  INHIBITOR  AND  SURFACTANT  WITHOUT  STIRRING 
AT  20°C  +  2°C 
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from  oocygen  reduction  of  hydrogen  evolution  reaction  between  -0.910 

(vs  SCE)  and  -0.715  (vs  SCE) .  The  inhibitor,  NaNO^,  effects  a  raising  of 

the  potential. 

These  results  propted  a  more  through  study  of  the  inhibitive 
properties  of  NaNOg,  and  surfactants,  either  alone  or  in 

combinations,  and  particularly  in  the  presence  of  chloride  ion.  The  results 
of  electrokinetic  studies  are  shown  in  Figures  11-16.  Sodium  nitrite  alone, 
Figvire  10,  is  an  effective  inhibitor,  but  clearly  eschibits  a  reverse  effect 
at  concentrations  above  0.1  wt.%,  where  corrosion  currents  increase.  In  the 
presence  of  sodium  chloride,  sodium  nitrite  has  no  useful  inhibitive 
properties  (Figure  12).  When  coupled  with  borax.  Figure  13,  the  passivating 
effect  of  0.1  wt.SS  NaNOg  is  slightly  diminished,  but  still  effective. 

Addition  of  0.1  wt.S^  NaCl,  Figure  14,  however,  essentially  cancels  the 
inhibitive  effects.  Higher  concentrations.  Figure  15,  result  in  no 
significant  changes.  The  inhibitor  formulation  (IF)  of  Lynch  and  coworkers 
(27),  Table  3,  also  were  evaluated,  Figure  16,  with  similar  results. 


Although  nitrite  is  thought  to  prevent  aluminum  corrosion  in  the 
4  presence  of  chloride,  in  feurt  it  either  reduces  cathodic  polarization  or 

Induces  the  limiting  current  density.  Thus,  while  nitrite  is  a  passivator, 
it  is  ineffective  against  chloride  atteudc  because  of  the  reduced  cathodic 
4  polcurization. 

Preliminary  experiments  have  been  performed  with  soditm  hyponitrite 
C  alone  and  in  combination  with  sodiim  chloride.  Anodic  polarization  results 

to  date  suggest  that  the  hyponitrite  has  a  strong  passivating  effect  of 
7075-T6  aluminum  alloy,  but  is  less  effective  than  sodium  nitrite.  This 
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Fijure  13.  Anodic  polarization  of  7075-T6  aluminum  alloy  in 
aqueous  0.1  wt.%  NaNO^  with  0.1  and  0.5  wt.%  Na^B.O^,  20’C. 
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would  be  consistent  with  the  lower  oxidation  state  of  nitrogen  in 
hyponi trite.  When  soditnn  chloride  is  present,  the  passivation  is 
effectively  destroyed  as  is  the  case  with  nitrite.  E>assivation  is  lost  at  a 
significantly  higher  potential,  however,  perhaps  reflecting  different  redox 
potentials  noted  in  Section  2.2.  It  is  prematxire  to  draw  conclusions  at 
this  time. 

The  linear  polarization  technique  is  suitable  for  determination  of 
corrosion  rates.  Instead  of  imposing  a  large  voltage  change,  typical  of  the 
Tafel  method,  llneau*  polarization  involves  only  10-30  mV  swings  positive  or 
negative  from  the  corrosion  potential,  in  increments  of  about  1  mV.  A  plot 
of  current  vs.  potential  is  a  straight  line  accoring  to  the  Stem-Geary 
equation, 


AE/  AI)E_o  =  Ep  =  B/ 


corr 


where  R  is  oolarization  resistance,  and  1  is  the  corrosion  current 
p  '  corr 

density. 


In  Figure  17,  polarization  measurements  of  7075-T6  (a)  without 

inhibitor  and  surfactant,  (b)  with  only  surfactant,  and  (c)  with  surfactant 

and  inhibitor  are  shown.  Values  of  R  are  taken  from  the  initial  slopes  of 

P 

the  curves.  In  Figure  18,  polarization  measurements  on  7075-T6  A1  with 
inhibitor  and  1  wt.as  NaCl  are  snown.  Thus,  the  inhibitor  may  be  effective 
on  a  bare  surface  specimen  in  the  presence  of  chloride.  If,  however,  a 
surfactant  is  added,  chloride  is  prevented  from  attacking  A1  alloy. 

3. 1.3. 3.  Stress  Effects 


In  Figvire  19,  the  ancxiic  profile  is  shewn  for  1  wt.SS  NaCl  at  roan 
ten^rattire  with  stress.  The  corrosion  potential  is  moved  15mV  in  thje 
active  direction  as  a  result  of  applied  stress,  and  current  density  is 
increased.  Although  the  profile  in  continiaous,  it  is  not  adaptable  to  Tafel 
analysis  because  of  a  short  linear  region.  A  thin  viiite  adherent  film 
formed  on  the  surface  of  the  specimen,  as  potential  is  increased,  a  surface 
deposit  continiied  to  accumulate,  v^le  gas  evolution  was  observed.  Thus, 
applied  stress  affects  the  polarization  behavior  of  7075-T6  and  raises  the 
current  density.  Furthermore,  stress  affects  the  type  of  oxide  film  formed 
at  the  suface. 

3. 1.3. 4.  Crack  Electrochemistry 

Mechanisms  proposed  for  corrosion  inside  a  crack,  contain  three  basic 
components,  alone  or  in  combination:  differential  aeration,  localized 
acidification,  and  migration  of  chloride  ions.  Analyses  have  oeen  made  of 
NaCl  solution  without  inhibitors  for  (1)  an  "isolated"  crevice,  v^re 
crevice  metal  was  not  coupled  to  the  open  external  metal;  and  (2)  a 
"coupled"  crevice. 

In  Figure  20,  anodic  profiles  are  presented  for  0.5,  1  and  3  wt.%  NaCl 
concentrations  at  bare  svirfaces  and  in  isolated  cracks.  Gas  bubbles  were 
observed  at  potentials  between  -0.850  V  to  0.600  V,  and  negative  current  was 
observed.  At  higher  potential,  the  curves  are  linear  with  smooth  slopes. 
Anodic  profiles  for  isolated  crevices  show  that  anodic  dissolution  inside 
the  isolated  crevice  is  independent  of  chloride  concentration.  Anodic 
dissolution  inside  the  crevice,  however,  is  much  higher  than  at  the  bare 
surface.  Our  data  shew  that,  in  this  potential  range,  hydrogen  evolution 
may  take  place  becavise  negative  current  under  anodic  condition  and  profuse 
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FIGURE  20,  ANODIC  i’OLAR  I ZAT I  ON  OF  7075  T6  A1  ALLOY  IN  DILUTE  NaCl 
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bubble  formation  were  observed.  The  gas  extracted  was  determined  to  by 
hydrogen.  Within  this  potential  range,  hydrogen  reduction  is  possible 
thermodynamically  in  aqueous  media  to  pH  10  (77) . 

Under  cathodic  polarization  for  the  Isolated  crack  in  1  and  3  wtS^  NaCl 
Figures  21  and  22,  gas  bubbles  were  observed  over  the  entire  range  of 
potentials.  Cathodic  profiles  for  isolated  crevices  show  the  limiting 
current;  cathodic  polarization  is  dependent  of  chloride  concentration,  but 
current  density  increased  with  increasing  chloride  concentration. 

Time  dependence  of  the  open  circuit  corrosion  potential  was  measured 
using  an  isolated  artificial  crack  immersed  in  NaCl  with  and  without 
inhibitors,  Figure  23.  Solutions  (1.0  wt^  NaCl  with  and  without  0.1  wtSS 
NaN02  +  0.1  wtSs  NagB^O.^)  were  aerated  without  stirring.  For  the  bare 

surface  electrode  (no  correction  to  crack),  after  the  electrode  was  placed 
in  solution  (1  wtSi  NaCl  without  inhibitor),  there  was  a  small  increase  in 
open  circuit  potential  (-0.755  to  -0.730  V  ys  SCE) ,  and  the  electrode 
potential  slightly  increased. 

After  3.5  hr.  (the  induction  time),  the  potential  remained  at  a 
constant  value,  ca  -0.710  V  ys  SCE.  But,  vdien  placed  in  inhibited  solution 

(1  wt .  NaCl  +  0.1  wt . ^  NaNO^  +  0.1  wt .  ^82^4^7  ^ ^  rapid  increase  in 

potential  from  -1.016  to  -0924  V  occurred.  After  2  hr,  the  potential 
ronained  at  a  constant  valiie,  ca.  -0.710  V,  approximately  the  same  as  at  a 
bare  surface.  After  an  isolated  crack  electrode  was  put  in  chloride 
solution  without  inhibitor,  the  corrosion  potential  attained  about  -0.880  V; 
after  7  hr.,  the  potential  remained  constant  at  ca.  -0.810  V,  much  less  than 
for  the  bare  surface  electrode. 


FIGURE  22. 
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When  the  artificial  crevice  electrode  was  placed  in  inhibited  chloride 
solution  (1  yft.%  NaCl  with  0.1  wt.%  NaNO^  +  0.1  wt.as  Na^B^O.^),  the  corrosion 

potential  moved  rapidly  in  the  noble  direction  from  -0.890  to  -0.820  V,  and 
continued  to  increase,  reaching  a  value  after  four  hours  of  ca.  -0.550  V. 
After  20  lir,  the  potential  was  ca.  -0.630  V,  higher  tham  the  bare  surface 
electrode,  with  and  without  inhibitor,  and  the  cracked  electrode  (isolated) 
without  inhibitor.  Figure  24  shews  the  open  circuit  corrosion  potential 
time  dependence  at  different  positions  inside  the  crack.  The  solution,  1.0 
wt.SS  NaCl,  was  aerated  with  no  stirring.  A  small  potential  drop  was 
measured  inside  the  crack  ( isolated  crack) . 

3. 1.3. 4. 2.  Coupled  Crack 

While  we  have  considered  electrochemical  conditions  inside  the 
uncoupled  crack,  a  real  crevice  always  is  in  contact  with  metal  outside  the 
crack,  hence,  we  have  studied  the  polarization  behavior  of  a  "coupled" 
crevice.  Anodic  profiles  are  shown  in  Figure  25  for  1  wt.%  NaCl  a  bare 
uncoiQsled  surrace  in  1  wt.Ss  NaCl.  Gas  bubbles  were  observed  between  -0.850 
V  to  -0.700  V,  buth  on  the  bare  surface  and  inside  the  crack,  and  current 
oscillation  was  observed,  above  these  potentials,  curves  are  linear  with 
smooth  slopes.  Senve  references  (67,  78)  report  that  the  cathodic  reaction 
(oxygen  reduction)  continues  outside  the  crack  after  the  oxygen  within  the 
crack  has  been  consumed,  and  anodic  reaction  is  confir.ed  to  the  crack. 

Current  densities  for  the  isolated  (uncoupled)  crack  are  compared  with 
to  that  for  A1  alloy  couples  under  various  concentration  in  Figure  26  .  In 
solutions  (3  wt,5(i  NaCl  and  1  wt.%  NaCl),  Figure  26,  gas  evolution  was 
observed  between  -0.800  V  to  -0.730  V  on  the  bare  surface  as  well  as  inside 
the  crack,  but  thje  rate  of  gas  formation  inside  the  crack  was  less  than  at 
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the  bare  surface.  Above  this  potential,  the  ciuives  are  linear  with  snooth 
slopes.  The  anodic  profile  for  3  wt.Ss  NaCl  solution  shows  that  anodic 
dissolution  inside  the  crack  is  higher  than  for  1  wt.35  NaCl  solution.  At 

higher  Cl  ion  concentration,  gas  formation  and  bubble  formation  are  less 

than  at  the  lew  Cl  ion  concentration  inside  the  crack. 

A  thick  adherent  black  fiLm  formed  on  the  specimen  surface.  Figure  26, 
compares  the  anodic  polarization  curve  for  a  coimled  crack  in  the  non- 
inhibitive  solution  with  that  for  a  coupled  crack  in  an  inhibitive  solution. 
In  the  former  case,  thje  breakdown  anodic  dissolution  potential  is  a  little 
higher  than  that  in  the  non- inhibitive  solution.  The  nitrite  ion  effects  a 
raising  of  the  potential,  that  is, 

no"  +  8  +  6e"  NH^  +  2H.0, 

2  < -  4  Z 

E  =  +  0.90  V  SHE. 

However,  the  current  density  is  almost  the  same  for  both  cases.  From  the 
experimental  results,  these  concentrations  of  inhibitors  may  be  a  little 
more  effective  inside  the  crack,  but,  the  iniiibitive  action  is  weak. 

The  time  dependence  of  the  open  circuit  corrosion  potential  of  a 
coupled  artificial  crack  immersed  in  aerated,  unstirred  1  wt.SS  NaCl,  was 
measured.  The  cracked  7075-T6  specimen  and  the  external  A1  cLlloy  were 
coupled  for  a  few  minutes,  viiereupon  the  corrosion  potential  of  the  external 
specimen  shifted  to  the  more  noble  direction  compared  with  the  bare  surface 
specimen  (xmcoupled  to  other  electrode) ,  whereas  the  corrosion  potential  of 
the  cracked  specimen  shifted  to  the  more  active  direction  compared  with  the 


isolated  specimen.  After  6  hr,  a  steady-state  condition  was  attained,  at  a 
potential  difference  of  about  150  mV,  v^ch  corresponds  to  Rosenfeld's  data. 
Since  this  value  is  not  small,  an  IR  drop  betveen  the  crack  interior  and 
outer  electrode  must  be  large. 

Figure  27  shews  the  time  dependence  of  potential  difference  between  the 
crack  interior  and  outer  electrode,  reaching  steady-state  condition  after  6 
hr.  The  electrode  potential  was  measured  as  a  function  of  time  under  the 
active  state.  After  several  hours,  the  potential  differences  were  attained 
at  a  steady  state  condition  of  about  150  mV,  i.e.,  the  same  value  as  that 
under  the  nonsteady-state  conditions.  Figure  28  shows  the  potential 
difference  between  the  external  specimen  and  the  cracked  specimen  under  the 
active  state.  According  to  Rosenfeld,  the  active  state  electrode  potential 
of  the  crack  was  more  negative  than  that  of  the  open  specimen  because  of  a 
restricted  oxygen  supply  to  the  crevices.  This  experimental  data  may  show 
or  prove  Rosenfeld's  experimental  model. 

McCafferty  (79)  and  others  (80),  claim  that  a  large  potential 
difference  exists  between  the  crack  interior  and  external  metal,  based  on 
potential  measurements  of  uncovroled,  unpolarized  canponents  in  solutions  of 
differing  oxygen  content.  Furthermore,  the  potential  difference  between  the 
inner  and  outer  surface  is  much  larger  before  coiroling  than  eifter.  Our 
results  do  not  agree:  the  potential  difference  between  the  inner  and  outer 
surface  is  larger  after  coupling  than  before.  Figures  28,  29. 

Thus,  the  potential  difference  changes  slowly  with  distance  from  the 
crack  tip,  but  to  the  mouth  of  the  crack,  the  rate  of  change  increases, 
i.e.,  inside  the  crack,  the  potential  drop  is  very  small.  On  the  other 
heffid,  the  potential  drop  between  inside  the  crack  and  outside  the  crack  is 


STEADY  -  STATE  OPEN-CIRCUIT  POTENTIAL  FOR  OPEN  AND  COUPLED  CREVICE  7075  T6 
ALLOY  IN  1  wt.%  NaCl  SOLUTION  WITHOUT  STIRRING  AT  20°C  +  2°C 
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FIGURK  29.  STEADY-STATE  OPEN-CIRCUIT  POTENTIAL  UNDER  STRESS 


large,  hence,  the  outside  surface  must  support  a  cathodic  reaction  at  a 
positive  potential  with  respect  to  the  anodic  crack  reaction,  vciich  suggests 
that  metal  inside  the  crack  is  isolated  from  the  external  surface  reactions, 
i . e . ,  the  separation  of  the  anodic  and  cathodic  regions .  According  to  this 
potential  difference,  the  electrochemical  driving  force  is  not  small  and 
becomes  more  favorable  for  development  of  corrosion  inside  the  crack.  On 
the  other  hand,  a  small  potential  difference  inside  the  crack  may  cause  a 
large  concentration  change  and  a  correspondingly  large  increase  in  current 
density  at  a  given  applied  pxDtential  (81).  In  the  open  circuit  cordition, 
the  outer  surface  cathodic  reaction  would  occur  if  dissolved  oxygen  were  the 
primary  bulk  oxidant.  Coupled  with  a  net  anodic  reaction  inside  the  crack, 
for  overall  current  balance  would  lead  to  steady  state  crevice  corrosion. 
Applying  a  small  pxjsitive  or  negative  potential  {under  active  state),  bubble 
formation  should  occur  both  inside  and  on  the  outer  surface  of  teh  sample, 
since  it  is  tlnermodynamically  possible. 

3 . 1 . 3 . 4 . 3 .  Pteal  Crack 

Open  circuit  corrosion  potential  time  depjendence  was  measured  for  a 
real  crack  immersed  in  1  wt,%  NaCl  aerated,  unstirred  solution  with  stress 
and  without  iiihibitors.  The  pxDtential  inside  the  crack  was  measured  using  a 
special  microcapillary  tube;  Fig.  30  shews  the  results.  Corrosion 
potentials  of  both  the  external  surface  and  inside  the  crack  shifted  to  the 
more  active  direction  under  stress;  a  steady-state  condition  was  attained 
after  20  hr.  at  a  potential  difference  of  about  35-45  mV.  Because  of  this 
small  value,  the  IR  drop  between  the  crack  interior  and  outer  surface  must 


be  small. 


wt.%  NaCl  SOLUTION 


A  schematic  representation  of  crack  velocities  of  aliminum  alloys  as  a 
function  of  stress  intensity  typically  yielcis  a  curve  with  thu-ee  distinctive 
regions;  Region  I,  where  crack  growth  is  initially  observed  and  changes 
rapidly  with  stress  intensity;  Region  II,  the  "plateau"  region,  which  may  be 
nearly  parallel  to  the  stress  intensity  axis;  and  a  sharply  increasing  crack 
growth  rate  region  (Region  III)  jtist  prior  to  failure. 

A  stress  intensity  factor  (K^  =  12  Mpa-^m),  corresponding  to  Region  II 

was  used  because  in  this  region  crack  growth  appears  to  be  environmentally 
controlled  and  independent  of  K.  Figure  31  shews  the  experimental  result 
together  with  reference  valties.  During  crack  propagation,  the  length  of 
the  crack  can  be  measured  in  an  optical  microscope  whenever  necessary,  then 
data  for  the  da/dt  5^.  plot  can  be  obtained.  The  speci.men  was  loaded 

using  a  torque  wrench  to  a  torque  of  12.7  (N-m) ,  with  the  equilibrium 
relationship  e^qsressed  mathematically,  (82) 

T  =  G  D  P, 

where,  T  is  torque  (N-m),  D  is  the  ncminal  bolt  diameter  (m) ,  P  is  the 
induced  force  or  clamp  load  (N) ,  and  is  G  an  erroirical  constant,  which  takes 
into  account  friction  and  the  variable  diameter  under  the  head  and  in  the 
threads  where  friction  is  acting,  yielding  [Novak  and  Rolfe  (83)] 

=  12  MPaVm. 

3.2  Stress/Strain  Relations  at  a  Corrosion  Crack  Tip. 

Krjcwledge  of  the  stress/strain  relations  at  thje  tip  of  a  corrosion  (or 
fatigue)  crack  is  necessary  (but  elusive)  for  a  complete  \mderstanding  of 


aluminum  7075  -T6 
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SCC  etc.  Crack-tip  corrosion  rates  and  their  relation  to  external  chemistry 
and  jdiysicsd  load  configuration  have  been  correlated,  if  not  understood  in 
terms  of,  the  stress/strain  relations  at  the  crack  tip,  within  a  region  of  a 
few  micrcnaters.  (84-86) 


Stress/strain  relations  within  so  small  an  area  historically  'nave 
eluded  experimental  measurement.  Sharpe  (87,  88),  however,  has  developed  an 
interfercmetric  Strain  Gage  (ISG),  at  Michigan  State  University  which,  is 
capable  of  measuring  specimen  strain  over  a  range  as  small  as  25  micrcmeters 
(0.001  in.),  and  hence  can  determine  biaxial  strain  within  the  critical  zone 
of  a  crack  tip.  The  actual  gage  consists  of  two  shallow,  pyramidal 
indentations  impressed  by  a  Vicker's  microhardness  machine  into  th^e  specimen 
surface.  The  indentations  are  25  m  apart  along  a  line  normal  to  the 
crack  propagation  direction.  Coherent  radiation  (from  a  He-Ne  laser) 
reflected  from  the  indentations  produces  two  interference  fringe  patterns 
vAiich  move  proportionally  to  the  strain  motion  of  the  indentations. 

Movement  of  the  interference  fringes  across  jtotonultiplier  tubes  is 
measured  and  the  relative  displacement  of  the  indentations,  hence  strain,  is 
coTputed  therefrom.  Two  photomultiplier  tubes  are  used  to  remove  rigid-body 
translations  of  the  specimen  in  the  strain  direction. 

3.3  Alternate  Immersion  Testing 

A  simple  alternate  immersion  testing  machine  was  constructed.  This 
machine  can  provide  variable,  controlled  immersion  and  drying  time  periods 
for  as  many  as  100  specimens  in  up  to  24  different  liquid  environments.  A 
10-minute  immersion-50-minute  drying  cycle  has  been  used  in  all  tests  to 
date,  as  reconmended  by  ASTM  G31-72. 


Aluminum  alloy  2024-T3  has  been  used  for  screening  tests  of  various 
inhibitors  and  surfactant  ccmbinations .  Test  coigns  were  cut  to  5.0  x  1.5 
X  0.16  cm,  polished  and  cleaned,  weighed  and  suspended  by  glass  hooks  for 
the  immersion  testing.  After  exposure,  coupons  were  cleaned,  dried, 
reweighed,  and  evaluated  for  pitting  damage.  Weight-loss  was  converted  to 
corrosion  rate  (ASIM  Gl-81). 

The  various  inhibitor/surfactant  materials  used  are  listed  in  Table  4, 
and  the  results  in  Table  5.  In  general,  these  results  agree  wich  those  of 
Khobaib  (24,  25)  and  those  listed  elsewhere  in  this  Report. 

3.4  Corrosion  Fatigue  Inhibitor 

Apparatus  for  studying  CP  inhibition  using  the  methods  described  in 
Section  2.4.  is  available  at  MSU  in  Professor  J.  Martin's  laboratory;  it  is 
heavily  used,  and  vrould  be  available  to  this  program  only  for  limited  time 
periods  and  for  well-planned  experiments.  Preliminary  experiments  to 
develop  appropriate  test  parameters  must  be  performed  on  alternate 
equipment.  The  object  of  this  phase,  then,  was  the  adaptation  of  equipment 
made  available,  but  in  a  state  of  disrepair,  and  then  to  perform  preliminary 
experiments  along  the  line  of,  and  to  duplicate  if  possible,  the  work  of 
Lynch  and  co-workers  (26),  cf.  Fig.  31. 

The  apparatus  currently  consists  of  (Fig.  32) 

MTS  Model  206.11  -  11  kpsi  hydraulic  actuator 

MTS  Model  406  controller 

MTS  Model  436.11  control  unit 

Strain  sent  25,000  lb.  load  cell 
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Table  4.  Inhibitors  used  in  Alternate  Immersion  Tests 


Substance 

Chemical  Formula 

Source 

MacDill  Fcrmula 

See  Table  2. 

Erny  Supply  Co. 

Tampa,  FL 

MET 

C7H5NS2 

Eastman  Kodak  Co. 

Rochester,  NY 

Boric  Acid 

H3BO3 

0 

Fisher  Scientific  Co. 
Fairlawn,  NJ 

Hamposyl  L-30 

R-C-N-CH2COOH 

CH3 

R=fatty  acid  hydrocarbon  chain 

W.R.  Grace  &  Co. 

Nashua,  NH 

Lathanol  LAL 

11 

CH3(CH2}^QCH2-C-S03Na 

Stepan  Chemical  Co. 
Northfield,  IL 

N-Ethyl piperidine 

C7H15N 

Reilly  Chemical  Co. 
Indianapolis,  IN 

) 

l,3-(Di-4  Piperidyl) 
Propane 

^13^26''^2 

Reilly  Chemical  Co. 
Indianapolis,  IN 

Piperizine 

CgH^lN 

Sigma  Chemical  Co. 

St.  Louis,  MO 

Polystep  B-12 

CH3CH20(CH2CH20)3(CK2)^^CH2 

0S3Na 

Stepan  Chemical  Co. 
Northfield,  IL 

Sodium  Borate 

Na2B^07-10H20 

Mai  1 inckrodt,  Inc. 

Paris,  KY 

Sodium  Nitrite 

NaM02 

Mall inckrodt,  Inc. 

Paris,  KY 

Stepantan  A 

CgH^^C00S03Na 

Stepan  Chemical  Co. 
Northfield,  IL 

Zonyl  FSA 

RCH2CH2SCH2CH2C02Li 

E.I.  Du  Pont  De  Nemours  S  C 
Wilmington,  DE 

Zonyl  FSC 

RCH2CH2SCH2CH2i*i(CH3)3CH3S0_j 

E.I.  Du  Pont  De  Nemours  C 
Wilmington,  DE 

€ 


Zonyl  FSP 


(RCH2CH20)^ 


E.I.  Du  Pont  De  Nemours  i  C 
Wilmington,  DE 


Borate  surface,  many 

0.061  \4t%  S.  shades 

Nitrite 
100  [)pm  Lath- 
anol  LAL 
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Surface  Area  (cm  )  Surface  Appearance  Weinht  Loss  (nm)  Corrosion  Rate  (mpy)  Remarks 
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MTS  Hydraulic  pump. 


The  system  is  operated  under  load  control,  with  a  2  hz,  sine  waveform  in 
tension-rer.sion  Icacirig.  Stainless  steel  grips  for  cu::pc.ct  tension 
specimens  were  machined  to  fit  the  MTS  equipr^nt.  Ccrpace  tension  specimens 
were  precracked  in  the  machirje,  and  crack  propagation  was  measured  with  a 
converted  cathetcmeter . 

Aqueous  solutions  of  corrosion  accelerant/inhibitor  were  introduced 
into  the  crack  from  a  1.5-in  length  of  0.75- in  polystyrene  tube,  cemented  to 
the  sample  face,  and  closed  at  the  other  end  with  a  cemented  polystyrene 
sheet,  using  a  silicone  sealant.  A  side-tube  covered  with  a  silicone 
syringe  port  provided  means  for  Introducing  solutions  to  the  crack 
(Figure  33) . 

Specimens  were  cleaned,  mounted  in  the  apparatus,  and  then  subjected  to 
fatigue  loading  according  to  ASTM  399-A2.1  to  produce  the  0.1  in.  precrack. 
Loading  conditions  then  were  changed  to  correspond  to  Region  II  (Figure  34) , 
and  distilled  water  introduced  to  thje  crack.  When  sufficient  measurements 
had  been  made,  Inhibitor  solution  was  added  at  double  concentration,  to 
allow  for  dilution.  The  inhibitor  formula  of  Table  3  was  tised. 

Only  three  experiments  have  been  performed  to  date,  with  equivocal 
results  (Figure  35).  In  each,  reduction  of  crack  growth  rate  is  apparently 
observed,  but  the  visual  method  of  data  recording  and  a  small  difference  in 
specimen  geometry  may  be  th.e  causes  of  substantial  scatter  in  the  data. 
Scanning  electron  microscopic  examination  of  fractured  surfaces,  hcwever, 
revealed  distinct  differences  in  tlie  fatigue  crack  grcwth  regions  before  and 
after  the  addition  of  inhibitor  solution. 


Viccctn#  Bottle 


Figure  33.  Method  for  introducing 
accelerant/inhibitor  solutions  to 
crack  tip. 
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Figure  34.  The  effect  on  growth  rate  of  adding  inhibitor 
to  a  propagating  corrosion  fatigue  crack,  schematic  (26  ). 
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Figure  35.  Corrosion  fatigue  crack  growth  rate  of  7075-T65^.  A1  alloy 
in  1  wt.  NaCl  solution;  effect  of  inhibitor  addition. 


4.  Discussion 


4.1  Bare  Surface  Corrosion 

Polairization  profiles  in  Figure  9  shew  that  thje  bare  surface 
dissolution  rate  is  dependent  on  chloride  content,  hence  thje  reaction 
involves  chloride  anion  canplexes.  Corrosion  of  A1  and  7075-T6  A1  alloy  at 
thje  bare  surface  in  solutions  containing  dilute  NaCl  is  accenpanied  by  the 
cansumption  of  hydrogen,  oxide,  chloride,  and  sodium  ions. 

The  most  probable  reaction  mechanism  accempanying  the  initial  stage  of 
the  corrosion  process  of  77075-T6  Al  allays  in  NaCl  is  (20); 
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It  is  believed  (20,  89),  that  the  hydrated  aluminum  ion,  Al(H20)  ,  is 

formed  rcipidly  ( about  1  sec ) ,  and  then  undergoes  a  very  fast  hydrolysis , 

34*  24*  ^ 

(b)  ,  Later,  both  the  Al  and  Al(OH)  ion  react  with  Cl  ionr  ,  i.e.,  Eos. 

(c)  and  (e);  reaction  (e)  is  faster,  however,  than  (d) .  Frcjn  our 
experimental  results,  it  appears  that  both  reactions  (c)  and  (e)  may  take 
place  as  an  anodic  dissolution. 

On  the  other  hand,  the  overall  cathedic  reaction  in  rear-neutral 
solutions,  based  the  results,  is  oxygen  reduction. 
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0^  -r  2  H^O  +  4e~ - >  4  0H“ 

2 

Frcra  Figs.  3  4,  the  limiiting  currciit  densely  (i^^)  is  10  /xA/cm  for 

both  1  wt.SS  and  3  wt.as  NaCl.  Oxygen  is  relatively  insoluble  in  NaCl 
solution  at  roan  ten?)erature ,  hence  there  is  a  small  limiting  current 
density  for  the  cathodic  reduction  of  oxygen. 

In  Fig.  21,  the  applied  stress  affects  the  polarization  behavior  of  A1 
7075-T6  and  raises  the  current  density.  Stress  corrosion  crackir^  of  the 
7075-T6  alumintmi  alloys  in  chloride  ion  is  because  of  the  formation  and 
grcwth  of  cracks  of  an  almost  brittle  nature,  viiich  propagate  along  the 
grrain  boundaries.  A  number  of  mechanisms  have  been  proposed  (39,  90,  91)  to 
account  for  the  phenomenon;  three  of  thjan  have  received  wide  attention,  viz, 
film  ruptore  (93,  94)  pre-existing  active,  (94)  and  hydrogen  embrittlement 
(90,  91). 


In  the  pre-existing  path  model,  emphasis  is  placed  on  the 
microstructural  and  electrochemical  parameters.  Chemical  inhcmogerjeities  in 
thje  material  are  considered  to  be  the  key  factor.  An  example  often  quoted 
is  the  segregation  of  alloying  eianents  in  the  form  of  precipitates  at  grain 
boundaries  in  7075-T6.  creating  a  precipitate-free  zone  in  the  adjacent 
material.  In  a  corrosive  environment,  a  localized  electrochemical  reaction 
can  be  established  between  the  precipitates  and  adjacent  material.  Although 
this  is  cui  adequate  explarxition  for  intergranular  corrosion,  it  does  rjot 
account  for  tine  role  of  ter.sile  stresses  in  producing  SCC. 

According  to  tine  fil,r.  rupture  .Tjodel,  tensile  stress  ruptures  a 


passivating  oxide  film,  exposing  fresh  metal  with  electroclnemical  pote.n'^ials 


quite  different  fran  the  surrcTunding  still  protected  areas.  Thus  corrosion 
is  thought  to  occur  at  these  sites  until  a  new  passivating  oxide  film  can 
reform,  which  in  turn  will  be  ruptured,  and  the  corrosion  repassivation 
procosooo  repc,-ateu,  ti^-iTohy  aii  active  path  for  £CC.  In  this 

mechanism,  the  rate  of  repassivation  is  the  key  factor;  if  rapid, 
insufficient  corrosion  will  occur  to  pronote  SCC. 

The  mechanism  of  hydrogen  erhritt lament  involves  diffusion  of  water 
molecules  or  hydrogen  ions  down  the  crack,  reduction  to  adsorbed  hydrogen 
atans  at  thje  crack-tip,  surface  diffusion  of  adsorbed  atars  to  a  preferred 
surface  site,  absorption  of  the  adatoms  into  the  metal  matrix,  followed  by 
diffusio.n  of  hydrogen  atoms  to  a  position  in  front  of  the  crack-tip.  If 
hydrogen  indeed  is  the  basis  of  embrittlarent  during  SCC,  the  kinetics  stil 
ray  be  inf'cenced,  if  not  controlled,  by  hydrogen  permeation  or  stress 
induced  rapfure  of  an  oxide  film. 

Tne  possible  crack-advancement  mechanisms,  i.e.,  dissolution  and 
hydrogen  ion  reduction,  will  be  controlled  at  a  given  potential  by  three 
subsidiary  factors;  oxide  rupture  rate,  solution-renewal  rate,  and 
passivation  rate,  including  repassivation  rate.  In  these  experiments,  it 
appears  that  passivation  rate  at  the  stress  concentration  region,  which  is 
coranon  to  both  mechanisms,  i.e.,  film  rupture  (activation  control)  and 
hydrogen-embrittlement  (diffusion  control),  is  the  rate-controlling 
reaction. 

4.2.  Crack  Electrochemistry 

As  noted  in  our  polarization  curves  (Figures  24,  26  and  27),  hydrogen 
gas  formation  and  bubbling  occurred  near  the  corrosion  potential  region. 


Thus,  two  cathodic  reactions  may  be  considered,  i.e.,  reduction  of  oxygen 
and  hydrogen, 

0^+2  H^O  +  4e"  - >  4  0K~, 

and  H^O  +  e  - >  ^  +  OH  . 

If  both  cathodic  reactions  take  place,  depolarization  might  occur, 
increasing  the  corrosion  rate. 

Figure  24  shows  that  polarization  profiles  inside  an  isolated  crack 
differ  frcm  the  bare  surface.  Furthermore,  the  pH  inside  the  crack  also  is 
different  from  the  external  surface.  In  the  case  of  the  bare  surface,  no 
hydrogen  gas  bubbling  was  observed.  These  results  confirm  that  the  crack 
tip  electrochemical  environment  is  different  from  the  bulk  exterior 
environment,  and  alternative  electrochemiccd  reactions  may  occur  there. 

Figure  24  shows  that  0.1  wt.%  NaNO^  +  0.1  wz.%  inhibitors  may 

affect  chloride  attack  inside  the  crack,  although  Figure  14  shc»s  only  a 
small  effect  by  these  inhibitors.  This  is  because  of  the  establishment  of  a 
special,  more  conplex  microchemical  or  electrochemical  environment  witlnin 
the  crack  wriich  is  different  frcm  the  bulk  exterior  environment.  Altheugh 
loca] ized  corrosion  is  conplex  and  involves  many  sircultareous  processes, 
there  cire  several  possible  ercpianatiore .  If  because  of  migration,  chloride 
accumulated  witlnin  the  crev'ice  ard  hydrogen  removal  are  significant  factors, 

then  the  rate  would  be  expected  to  depend  on  Cl  and  h"*"  concentratiore . 
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Rosenfeld  (96)  shows  a  general  mechanism  for  a  real  crack  invxdving  the 
effects  of  chloride  ion  and  acidity. 


Me  +  H^O  -  2e - >  MeO  +  . 

Me  +  2  H^O  -  2e - >  Me(0H)2  + 

Me  +  2  Cl“  -  2e  >  Me  Cl^  (ads)  +  H^O  - > 

- >  MeO  +  2H*'  +  2Cl“. 

Our  results  shew  that  hydrogen  evolution  and  oxygen  reduction  (secondary) 
take  place  cathodically,  and  anodic  dissolution  may  take  place  (anodic 
condition) . 

Pickering  and  Frankenth^l  (66)  showed  that  large  potential  drops 
attributed  to  constrictions  are  caused  by  trapped  hydrogen  gas  bubbles.  The 
fol lowing  two  cathodic  processses  can  be  considered:  (1)  Hydrogen 
evolution,  and  (2)  ionization  of  oxygen.  These  may  proceed  by  independent 
parallel  stages  and  are  related  to  one  anothjer  only  as  they  provide  an 
overall  electrochemical  potential  on  the  corroding  surface.  Hydrogen 
evolution  may  have  an  Lnportant  role,  however,  as  the  controlling  cathodic 
process. 

Hydrogen  evolution  possesses  high  difftision  mobility  and  a  high  rate  of 
migration  in  an  electric  field.  An  increase  in  the  hydrogen  evolution  rate 
and  bubble  formation  will  decrease  the  thickness  of  the  diffusion  layer  of 


liquid  adjacent  to  the  surface  of  the  metal  because  of  the  additional 
mixing,  hunce,  the  limiting  diffusion  current  for  oxygen  reduction  also  will 
increase  (Eq.  34) .  Hydrogen  bubbles  on  the  surface  may  decrease  oxygen 
difrosion,  eit'ner  as  a  result  of  sinaller  electrolyte  cress  s;ctica,  cr  ’'y 
entraprrent  removal  of  oxygen  fron  the  surface  with  hydrogen  bubbles.  In  cur 
experimental  results,  the  principal  effect  of  hydrogen  evolution  on  the 
limiting  diffusion  current  density  for  oxygen  is  thought  to  consist  of  a 
reduction  of  the  diffusion  layer  thickness  as  a  result  of  agitation  by 
hydrogen  evolution. 

Uhlig  (97)  suggested  the  importance  of  hydrogen  evolution  in  a 
different  role  as  a  controlling  factor.  When  aluminum  dissolves  anodically, 
+3  + 

both  A1  and  A1  are  formed,  initially  th.e  univalent  ion,  which  then 
reduces  water  to  form  tine  trivalent  ion. 


A1 


+  K^O  - 


->  AlOH 


aos 


+  e 


AlOH  . 
aos 


+  5 


H2O 


+  H - >  A1 


3+ 


GH^O  +  2e 


2  AlOH  ,  +  H-0  - >  Al-0^  +  4  h'^  +  4€' 

aos  2  23 


or  Al'^  +  2H2O - >  Al"^^  ^2  ' 


During  formation  of  a  surface  oxide  film,  hydrogen  evolution  takes  place 
simultaneously  at  the  arjode  as  well  as  at  tine  cathode.  In  the  anjodic 


dissolution,  hydrogen  evolution  is  responsible  for  increased  local  corrosion 
action.  Many  actions  of  hydrogen  as  v«il  as  .migration  are  probably 


responsible  for  t±ie  potential  drop  as  well  as  separation  of  the  anodic  and 
cathodic  sites. 

Another  ejqperhrental  result  for  an  isolated  crack,  slicws  that  current 

density  is  independent  of  Cl  concentration,  i.e.,  the  corrosion  rate  inside 
the  crack  is  controlled  by  a  cathodic  process. 

4.3.  Extending  Mathematical  Models 

Numerous  models  have  been  proposed  for  crevice  corrosion,  corrosion 
cracking,  etc.,  (73,  98,  99)  which  yield  distributions  of  current,  voltage, 
and  composition  in  the  crevice  and  nearby  regions.  The  approach  shows 
premise  in  predicting  crevice  gap/depth  ratios  that  are  critical  for 
localized  attack.  Porous  electrode  tiheory  (100)  also  can  be  used  to  predict 
the  depth  at  vdiich  tine  anodic  reaction  may  be  driven  by  external  cathodic 
current.  Ohmic  drop  restricts  current  penetration  into  a  small-gap, 
occliided  region.  At  greater  depths  in  tine  gap,  the  metal  is  isolated  from 
the  external  surface  reactions.  Newnan  (101)  calculated  tine  depth  to  vdnich 
a  reaction  may  penetrate  the  walls  of  pipe.  Turnbull  (75)  showed  improved 
mathematical  modelling  of  mass  transport  of  oxygen  in  a  crevice  or  crack  for 
an  estimation  of  the  oxygen  concentration.  Diffusion  and  acid  hydrolysis 
were  included  in  a  model  for  crevice  corrosion  by  Galvele  (102).  A 
sophisticated  model  for  stress  corrosion  cracking  of  titanium  was  developed 
by  Beck  (63);  transport  limitations,  wail  reactions  and  nonlinear  kir.etics 
were  included  in  the  model.  Alkire  and  Hebert's  (103)  irroroved  model  for 
corrosion  initiation  of  pure  aluminum  accounts  for  electrode  reactions  of 
aluminum,  oxygen  and  hydroniun  ion,  and  for  transport  by  unsteady  state 
diffusion  and  migration. 


We  have  found  that  hydrogen  evolution  occurs  both  cathodlcally  and 
anodically,  i.lthcu^  the  reaction  is  a  cathodic  process.  The  electrode 
potential  of  the  metil  inside  the  crack  is  lower  tb-^n  the  hydrogen 

equal ibr.U::;i  potential  in  thu  relevant  ooluticai.  Ti;o  ancdic  ucuic.i 

reaction  is  not  tb.e  only  possible  one;  a  cathodic  evolution  of  hydrogen,  2-^ 

+  2e  — >  also  may  occur  inside  the  crack  under  the  anodic  condition. 

Our  results  shew  that  near  the  corrosion  potential,  only  cathodic  evolution 
of  hydrogen  takes  place  and  hinders  anodic  dissolution  so  that  Pickering  and 
Ateya's  (99)  model  may  be  useftil  to  describe  mass  transfer  in  the 
electrolyte  by  molecular  diffusion  and  ionic  migration  according  to  the 
Nerst-Einstein  relation. 

According  to  Pickering  and  Ateya, 


H+  =  -  Dh-"  (■ 


Cl"^  ■  °C1  ^  dx  ~  ^C1 


d  4> 

=  0. 
dx 


where  D,.+  is  H  diffusivity,  D  is  Cl  diffusivity,  C,  are  concentrations , 


is  local  electrical  potential  in  the  crack,  and  i  is  tbje  local  current 
density  of  tine  hydrogen  evolution;  T  is  absolute  temperature,  F  is  Faraday 
constant,  and  R  is  the  gas  constant.  The  equation  of  electroneutrality  is 


Our  results  shew,  that  after  a  few  hours,  the  potential  and  current  reach 
steady-steady  values.  According  to  Pickering, 


F 

C  -  exp 


Modifying  Sq,  (6),  by  Eg.  (5)  and  substituting  in  Equation  (4)  gives 


J^+  =  -  2  exp  . 


Pickering  derived 


6  ~  ^  ^  In  C  (L  -  X)  /  X] 

^  ~  F  cosh  [  L  /  X] 


where 


X=  (Dj.^C^Fa/  i^). 


P  F 


C  P  F  4> 

is  ^ 

o 


P  is  the  transfer  coefficient  of  hydrogen  evolution,  and  0  is  the  local 
electricad  potential  in  the  crack  and  solution.  In  Fig.  29  are  shewn 
results  of  the  open  circuit  corrosion  potential  ys  time  ireide  the  real 
crack;  the  potential  difference  frero  the  outer  surface  is  about  40  mV.  The 
Dotential  difference  0  within  the  crack  can  be  calculated  frem 


i  In  [  (L  -  X)  /  X] 

™  ~  F  cosh  ;  I  L  /  xT  ] 


y 


•  r":J 


•-iv.-] 


.1 


m  i 


Valvies  for  the  relefvant  parameters  are:  X  +  (D„  +  C  F  a/  i  ) ,  D..  +  +  5  x 

H  o  s  n 

“5  2  R*!* 

1-  cm  sec,  --  =  25mV.  The  crack  length  (L)  is  1  cm,  and  crack  width  (a) 

r 

is  O.Cl  cm.  C  =0.17  molo/l,  F  =  95500  c/moit:,  i  an  t:..;  cblcii:.!..!  I'xc.;.; 
o  s 

experLmental  results  (Figs.  21  and  22).  Frcm  Fig.  21, 

=  20  A/cm^  =  20  X  10  ^  A/cm^ , 

X  =  F  a  /  i^)  =  0.64 

Tnus,  the  potential 


*  -  -f- 


In 

cosh  [  (  L/x)  ] 


=  18  mV, 


in  fair  agreement  with  the  eraerimental  valxie. 


Anothjer  model  by  Doig  and  Flewitt  (61)  and  Melville  (57,  58),  shews 
that,  v^n  stress  corrosion  cracks  grew  by  enhanced  axxxiic  disolution  and 
are  subjected  to  external  polarization,  an  electrode  potential  distri'oution 
is  established  within  the  crack.  A  crack  diagram  of  width  w,  length  x,  and 
width  y,  is  shewn  in  Fig.  36.  The  width  y  is  very  much  greater  than  width 
w,  so  the  crack  may  be  considered  to  be  of  infinite  length. 


Fig  36  ^Schfmaiic  reprejentallon  of  (V  crack 


However,  — 7-  <<0  so  it  may  be  assiimed  that  the  effect  of  cracl<  width 
H 

variation  may  be  neglected.  Fig.  37  shows  the  Evans  polarization  diagran. 


Figure  37.  Schenatic  Polarization  Diagram  of  the  Electrochemical 

Reactions  Occurring  at  the  Specimen  Surface  Showing  the 
Influence  of  Potentiostatic  Polarization 

Ec  is  the  external  stirface  corrosion  potential,  i  is  th,e  corrosion  current 

density  at  potential  E  ,  and  E  is  the  potential  at  position  x  within  a 

C  X 

crack  (V),  According  to  Doig  and  Flewitt  (59),  the  net  anodic  i  _  at  E  _ 

^  ^  app  app 

is  given  by 


aoD 


,  ^aoD  ^c 
exp  ( - - - 


^aoD  ^c  ,  . 

-  exp  ( - y-- — )  J. 


(9) 


More  generally,  the  net  current  density,  i  ,  at  any  potential  E  is  given  by 

X  X 


i 


X 


i 

c 


[exp  ( 


E  -  E 
X  c  ,  , 

-  exp  ( - - - )  ] . 


(10) 


According  to  Doig  and  Flewitt,  th.e  net  anodic  current  flew  withan  tlie  crack 
at  a  distance  x  fretn  the  free  surface  is  tlie  integrated  sum  of  th^e  net 
anodic  current  generated  on  the  crack  surface  at  distance  greater  than  X, 


Consequently,  fron  Eq.  (12)  and  the  differential  Eq.  (13),  we  obtain 


E 


d  X 


-  2  i  c 
'  X  c  ‘ 


L  exp 


E  -  E  E  -  £ 

X  c  ,  ,  X  c  ,  . 

-)  -  exD  ( - )  I 


a 


-P 


(13) 


In  order  to  apply  this  model  to  real  experimental  conditions,  it  was 
modified,  following  Melville's  (57,  58),  reasoning.  The  potential  variation 
is  described  virder  more  general  conditions:  If  S(x)  is  the  specimen 
potential  relative  to  the  solution  at  position  X  in  thje  crack,  tliere  is  a 
change  dl  in  the  current  down  the  crack  over  length  dx. 


dl  =  2  ti  (E)  ±<.. 


(14) 


Ohm's  law  gives  th£  potential  change,  dE,  of  the  solution  ov’er  a  length  dx 


as 


dE  =  - 


(15) 


If  I(x)  is  thje  current  dcwn  the  crack,  and  C  the  conductivity  of  th£ 


solution. 


'dx  ~  T  W  C  ' 


(16) 


If  the  potential  remains  close  to  the  free  corrosion  potential  for 


passivated  crack  sides,  E^,  the  function  i(E),  describing  the 
electrochanical  reactions  on  the  crack  sides  may  be  approximated  by 


i(U)  =  K  U, 


where  U  =  ( E  -  E  ) ,  and 
c 


d_i_  _  _d_i 

d  E  E=E  d  U' 
c 


U=0. 


The  second  order  differential  Eq.  (18),  tlnen  is  applied  to  Eq.  (19) 


d 

d 


2 


U 


2 


X 


2 

>7 


u. 


v^re 


V=  [2  K/w). 
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i 


Integration  of  Eq.  (20)  yields 


d_U 
d  y. 


(U‘ 


b) 


1/2 


(22) 


vihere  b  is  a  constant  to  be  detemined  from  the  boundary  cor!diti( 


X  =  In  [ 


2  1/2 

U  +  (U^  +  , 

1/2  '  ' 

U  +  (U  +  b)  ^ 
o  o 


(23) 


and 


U  =  0,  at  X  1.  Eq.  (23)  gives 


„  ixi  =  U 

o  Sinn  17  u 


(24) 


From  experime.ntal  data  (Fig.  18), 


K  = - - - -  A  ra^/  V. 

4.95  X  10 


_3 

The  crack  width  (x)  is  0.1  mm=0.1  x  10  ,  the  total  crack  length  (L)  is  1 


-2 

an  =  1  X  10  m  and  V  =  {2  K/w)  is  449.46,  nence 


U  (X)  _  sinh  V  L  {1  -  x/L) 


U 


sinh  V  L 


=  0.2587. 


If  find  the  U(x)  value,  can  be  calculated. 
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Frcm  Fig.  29,  U(x)  is  about  -0.040  V,  and  (potential  at  crack  tipj 
is  about  -0.155  V.  It  is  impossible  to  obtain  experi.T£.ntally  the  potential 


at  the  tip  of  trie  crack;  it  can  be  calculateti,  hot-jever,  if  poinrirntion 
cu.rT.'es  for  thje  .materiiils  are  presented,  and  if  it  .may  be  asEnr'/ri  th.it  th-e 
sides  of  tine  crack  behave  similarly  to  the  outside  su.-faces. 


Melville  (58)  also  developed  an  analytical  method  of  solution  for 
calculating  potential  variation  potential  vdth  stress  corrosion  cracks  where 
there  is  a  simultaneous  variation  in  current  density  with  potential  alon.g 
the  sides  of  the  crack,  and  a  variation  in  crack  width  along  its  length. 
According  to  Melville's  modified  model. 


dl  =  2  t  i  (E)  dx. 


where  E(x)  is  the  specimen  potential  relative  to  the  electrolyte,  and  i(x) 
is  the  corrosio.n  density.  Tren 


I  (X) 

oS  = - - -  cx, 

t  C  w(x) 


where  I(x)  is  the  current  dc>mi  the  crack,  and  C  is  the  conductivity  of  the 
electrolyte.  Further 


2 

riT  d  E 

=  2  t  i(E)  =  t  C  w(x)  ----- 

d  X 


^  ^  aw  dc. 

+  t  C  -- —  --n-, 
ax  cK 


w  =  w  bx, 
o 


i(E)  =  atd 


C  (w  +  tax)  f-  +  C  b  -  2  [  +  a(E  -  E^)  ]  =  0, 

O  .2  uX  o  o 

a  X 


which  on  siobstitution  for 


V  =  E  -  E  +  i  /a, 
o  c 


Y  =  X  +  w^/b. 


a  =  8a/Cta, 


reduces  to 


2  d^V  d  V 

^  cr/2  a  y 


a  y  V  =  0. 


By  trj?  arjs formed  Bessel  f’unction,  Eq.  (35)  can  be  solved 


In  ger^ral , 


V 


a  y 


;  2d 


_d_V_ 
d  y 


y^  +  /3^)  V  = 


A  general  solution  of  this  eo'cation  is 


§, 

i 

n 

I 


Under  free  corrosion  conditions,  the  potential  at  the  crack  mouth  is 
close  to  tine  free  corrosion  potential  and  thje  boundary  conditions  used 

are  that 


E=E  =E  atx=l,  and  I  =  at  x  =  0. 
o  c  t 

In  th£  general  case  where  both  w(x)  and  i(E)  vary,  putting  i^  =  0  and  with 
Doundary  conditions  th^at  S  =  E^  =  at  x  =  1  and 

I  =  t  C  w^  dE/dx  =1^,  X  =  0,  we  have 


f 


__t__ 
t  C  w 


2v 

'o 

-  ) 

.1/2 


V, 


i/2) 

K 

o 

i/2 
(  a 

1727' 

V 

1  -^^'2 

i/2 


1/2 


i/2, 


where  y  =  w  /b  and  y,  =  (1  +  w  /b) .  This  may  be  evaluated  at  y  =  y  to 
o  o  1  o  o 


give  the  potencial  at  thic  crack  tip  as, 


t  C  w 


/  w, ) , 


where  w.  =  w.  /w  ,  adii  w,  and  w  are  thje  crack  widths  at  the  mouth  and  crack 


Ki  (  Jq  ( r  ^  ’ 


r-v„. 


8  a  w 
_ o_ 

’  .  2 


Values  of  the  parameter,  1  can  'oe  ootained  directly  frcn  Eq.  (32)  using 
a  =  di/dZ  or  from  a  logarithmic  plot  of  current  density  against  potenti 
from  vdiich  a  'oecomes 


ai 

a  =  — r“  = 
oc. 


.  d  ( log  i) 

1  (=.)  (.0)  - ^ - 


Accorxiing  to  our  experiment , 


C=0.5(ilm)~,  w,  =0.1mm  (the  crack  width  at  point  x) 


-  0.01  irm  {the  width  of  crack  tip) 


a  =  ~  =  10  A/Vm^. 
Oi 


Value  of  g(  P,  W^)  vAiich  can  be  obtaineu  fron  the  calculation  is 


g(  P,  W^)  =  0.365. 


The  potential  difference,  that  is,  E  -  =  0  can  also  be  obtained  vising 


1 


tew 


--  g  { 


r. 


If  is  about  320  x  10 


-2 


A/M^, 


then 


t  C  w 


=  64  mV. 


Therefore , 

I  I 

4>  =  E  -  E  =  -  - -  g  (  P,  w J  =  -  64  X  0,365  =  -  23.36  mV 

o  t  CV  W  1 

o 

According  to  the  calculation  0  =  23.36  mV,  an  experimental  value  was 
fovinded  to  be  =35-45  mV.  The  real  potential  drop  is  larger  than  that 
calculated  by  Eq.  (39)  but  t.he  difference  between  experimental  and 
calculated  values  is  not  large.  One  also  might  take  account  the 
conductivity  variation  of  electrolyte  in  the  crack  by  substituting,  Cw  =  C 


+  PX,  vArjsre  th£  term  in  PX  takes  into  account  the  variation  of  the  product 


of  conductivity.  According  to  these  calculations,  the  effect  of  the 
variation  in  crack  width  plays  a  significant  role. 

5 .  Su.'Tsrary 

This  Report  is  a  brief  discussion  of  a  research  program  initially 
funded  in  1984  by  the  Office  of  Naval  Research.  Although  definitive  answers 
to  the  many  questions  raised  by  SCO,  CF,  etc.,  rerain  unanswered,  the 
experimental  studies  described  here  offer  a  fresh  approach  to  thase 
questions. 
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